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1. *0 1TRCOUCTION

heobjective of this program was to develop manufacturing methods
and technology f or machining alumi~num at signif icant~ly higher speeds ..-

than in cur~rently practiced. Additionally, the methodology developed
was to be satisfacotrily demonstrated as being both practical and
cost-effective when compared with current machining practices.

To accomplish these objectives, a three-hase program was conducted.
Xn Phase 1, cutting tools and machi~ning parameters were tested for
the purpose of making machining recamendstions for selected aluinum
alloys. Expanded machining "tata esg., tolerances, finishes, deflection,
cutting forces, housepower, residual stresses and cutting temperature
ware also devel~ped to ascertain the effeacts of high speed machining
on product integrity.

Zn Phase =, G;uidance and Control Shellsa .4er- ou--#35 i) f or
the Lance missile were machined, inprwith the new methods to
establish cost data for ocoparison with present methods* Also,
performance data for the methods were analysed p and interrelationships
were developed among pertinent machining Ixopectlas and variables.

In Phase 111, new high-speed machining methodologies developed in
the program were demonstrated to representative@s of the Government
and the aluininiaim fabricating industry. <-.-

A Survey, conducted at the beginning of the program uncovered only
a limited monmt of useful information for high-speed machining.
Based on that suzveyo it appears that the late C. Salomon of Germany 1

was the first to publish experimental results for high-speed machining.
In 1931., Salomon reported that thermocouple measurements made in high-
speed milling tests indicate that tool-chip interface temperatures drop
at higher cutting speeds (an* Figure 1), so that it is possible to machine
faster and still have the tool last longer, providing machine tools can
be made to cut fast epough. Siekann 2 conducted tests in 1958 on 1045
steel with a 150-horsepower lathe at cutting speeds up to 18,000 feet/ 2
minute. Evidently, these tests were not successful from the standpoint
of increasing tool life with cutting Speed, as the ceramic cutters used,
apparently, failed, more cr less, Instantly when operated at cuttinq
speeds in excess of 9,000 feet/minute. About the sams time, Vaughn'' 3-
conducted more extensive and elaborate studies for high Speed machining.
While the results of Vaughn'sa studies showed that the optimum cutting
Speed for most materials is greater tiNm 100,000 feet/minute, these were
probably shelved due to a lack of appropriate machine tools. More re-
cently, however, machine tool technology had progzessed to the point
where interest in high speed machining was once again aroused. This
technology included advancements in numerical control systems, bearing
design, spindle design, frequency converter power supplies, pallet
changing, automatic tool changing and cutter materials. AS As aConsequence,

*Superscript numbers in text refer to references in bibliography.
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ring and NaWoJA 4 set out to prove and hdvance Va~agn'S C reaoh. Zn
doing so, theme researberm WOked With the eNC1t Grinder Corporat~ion
and Others to equuip an existing Uwidstvahd, five-axes, Modal as-i,

oidail with a 20,000 rVIL 20 hOW~pse spindle, Based anresults
obtained with that m=dified machine, King and Mao~naJA reported
uuob a good potential fo the hig-SPeeD machLinin Of alimima that
the Vought Corporation modified cm of its Sundstrand ONaiSLU in &
duplicatiVe mannEV fOC Wse On its reseearch and dogelopeentAJ progamse
Vought also pWrohasd as~especial, NOJd carbide eld mJIls for
evaluation that were designed at developed by tbW4 researohers but
other than these Anputs, this Vought condtUcted PzOgrm1 was, essentiallY,
an indepenident dsvloieta effort.

ftim Tecahecal Report presents the results that wUr ginerated ~mder
this program. Am a synopsis, it nam be enserally stated that the high

speed machining of alusinam is an intriguing, relatively safe process
and that anyone would probably be reluctant to go bank to conventional
feeds and speeds after being exposed to it for a meek cc two. Specif-J
ically, Section 2.0 discusses the selection of workpiece taut materials

an utiqtools. I n Section 3.*0#* cuttinq tG 'urew tests am escribt~ed



in detail, and cutting fluid selection is discussed in Section 4.0.
MIachine ,mdifications made to a Sundstrand Omnimil and Bullard Vertical
Turret Lathe to obtain a high-speed machining capability are described
in Section 5.0, and testing procedures used to establish high-speed
machining methods are discussed in Section 6.0. Cutter geometry and
optimization tests are described in Section 7.0. Zn Section 8.0, test
reslts .are presented for machining parameter opt.imization. Test
resul.ts for cutting force, deflection and horsepower are given in
Section 9.0, and the effects of high-speed machining on. surface finish
and residual streos generation are discussed in Section 10.0.
The residual stress tests and analyses were accomplished at the
Neotut Research Associates# Incorporated laboratories. An economic
analysis for high-speed machining wan also conducted by Metout, and
the results are given in Section 11.0. Xn Section 12.0, conclusions
and recommendations, based on information derived from this progra,
are presented.
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2,0 MAT Z.ALS

2.1 Workplae W i.at'v'

*wk mu r , f o s program wer limited to auin an its alloysan wer s~B elected4 fc thatu category an th basi~s of being repreasentative

dliffica$t-to-,aoha. allos and teiners in this classificati on were
bought to 4esfLa pazmwet iuts. Por samiple )356 cast almi.o b
.is cs of the mo ve dffiat-to-ma.h€:e al.tsim alloys. It ban a

inachinaaii~ty indw M of 145 whitch signifieas that it am be
*a-hined appruuiaately 40% fasterp than 3Z=1 steel. Comnsequentlyp and
beaujee A356-026 aluninum in the sine material fram which the demoatration
part (Lance She=. Guidance Bet, pert wmuber 10162178) we to be machi~ned,
it was mes of the alloys selected. Other alloys considered weres

7075mT6 120
2024.+- 140
2024--t4 L50
6041-?6 190
20U2.l'3 200
218-'N 240

After costing cat these materials in the qzantitial required for testing,
wok matri~al requirements were reduced to and ordered in the following
alloysl, aiaes, and quantitems.

A336-"1 2 by 12 by *36 inches 20
A3350-T 24 ODby 12 =by 18 inch" 6
£2350-T Lane* Shell Casting 5
7075-TOSi 2 by 48 by 144 inches 2
7075-TO 24 00 by 18 ZD by 18 inches 6
60O1-T051 2 by 48 by 144 inches 2 JK
6001-TO 24 W by 15 = by 18 inches 6

This g~roup of alloy. succeasses a wide range of machinability, and
all are Leemiar missile and aerospace materials. The £350-TO
alainumn could present scue unpredicta~ble problemss mince it is a
cast material, and its pri~ncipal aditive in silicon (about 7%).
both the insol.uble free silicon particles in this alloy and ay sand
fram casting molds would be abrasive azd inarease tcol-wear.'

4
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2.2 Cuttina Tool

At the beginning of this program, solid carbide end mills were gen-

*ral.y considered to be optim%= for the high-speed milling of alum-

inu. That type of cutter not only provided good wear and cutting
temiarature resistance* but KXing 4 stated at a saminar in Dallas, Texas
on Sept r 15, 1976, that solid =arbide cutters would probably not

be hurled through space if broken while turning at high speeds. In-
stead, such cutters would likely fracture and fall harmlessly to the
machining table, thus providing a margin of safety.

that should be purchased. For exanple, there was difficulty in oh-

taminng solid carbide end mills in a 1,25-inch diameter size. These

had to be special mae at considerable cost and long lead time. For

these reasons, brazed carbide end mills were purchased initially for

all sixes larger than 1.25-inch dienter. When these cutters proved
to be sale and satisfactory, brazed carbide end mili. wart subsequently
purchasod in saal.lr sizes.

High speed steel (NOS) cutters containing 4-percent cobalt were also
purchased initially to activate tests, provide a backup, and to pro-
vide a reference 4atm against which to acopare cutter development
gains. This type of end mill perfocsed creditably throughout the
program and was used extensively.

A list of cutters procured for this program would include (see page
6)i•, ..

SJ
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Size and Shape _

Cuatt•r Type ZTnch/Znahes Inch Inchee Qty j
Diimnu.u Flute Flute Length Overall

Z4n KM.4 , I rued Cab.bide 1.5 2 1.5 4 9
1.0 2 1.5 4 a
2.0 3 2.0 4.S 2
1.75 3 2.0 4.5 1

•4 Mill, Brand Cabide 1.5 3 2.0 4.5 2

Znd Xill, Solid Ca:bide 0.5 2 3/4 6 12
0.75 2 7/8 6 6
1.0 2 3/4 6 6( 1.25 2 1-3/3 6 9

End Kill, Solid Caride 1.O 2 2-1/4 4.5 2

End Mill, CoMl 0.5 4 1-1/4 3-1/4 4
1.0 4 2 4.5 6
1.25 4 2-1/2 3 6
lJ:ý 4 4.0 6-1/2 3
2.0 4 2.5 5 2
1.0 2 1-1/2 4 a
1.25 2 2 4.5 4

Hid Mll, Cc 2.0 3 5.3 -

Dri. , SolidoC- .01ds0.5 2 2 3-134 6 7
Drill1 I a 0.25 NU1 907, Type "C" 2.3 L2 .;2,;

Inser Holader, a-th. 1-1/4 x 6, l-im-8C IImeUrt Holder•, Llat:he 1 x 1-1/4 x 6, gsYIt-,.5 I ""

Carbide Znserts 3/16 z 3/4.x 3/4, 510 633 12
Carbide Inerts 3/16 x 3/4 x 3/4, lU 633 12
Carbide Inserts 1/8 x 3/4 x 3/4, SEG 6233 25

4
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3. 0 CUTTIn4 TM4PERATURS TESTS

It is generally accepted that tool life decreases an cutting speeds
are increased and that their relationship over a practical range can
be expessed mathiaticiallyG an follows:

V uCutting Speed
T - Tool Life
n a Material Constant
C - Material Constant'

The principal reason for the tool life decrea" can be attributed to
the teprature rise which accotL• .ns increased cutting speeds. To
ewJlaint these ara two izportant heat sources involved in the metal
cutting procass. One involves plastic deformation enarqian along shear -

planesi and the other involve@ frctional energies along tool-chip contact
areas as illustrated in Figure 2. it has been shcwi 7 that the
quantities of heat developed at these suirces are directly proportional
to shear velocities and chip velocities, respectively, and that both,
in turn, are directly prpoz :ional to utt•tnq speedn. Thus, as cutting
speeds are increased, the output from these heat sources increaset and,
all things being equal, chips and tools get hotter.
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whbether or not such restraints would prohibit the high speed machining
of alunmi:u alloys. This was accougashed by measring the temperature
of.oo.c. contact a £ t as illustraed in l qwu .y. 3, various •.

.achining speeds, feeds, anM cutter geometri.s on 2014-JM32 alumnlm.

CONTACT AREA (NEAT SOURCE)

e. TOP SURFACE OP LATHE TOOL

FpnL 2 Mmind Vie W Nnt Sn AM@ Tool-.~~shuk

A sca.wn purpose of thi, s i.nvestigatn was to d m.p ito cott. nien.
whether or not the autting t.mperatue for a given material peeked at
-cm uniqu~e cutting speed* Zt hed benverified7 that, essentially,

all the work of cutting is transfoceed into thermal uenexy, and most of
that nergy is oarr.ed off in the chips. A MAUl amount of the amiely

I(at. Time Me At higha tting •peeds, asu• : ahn 80% of the energy
may be carried off by the chips, Zt is this cizacustance which makes
high speed zmahininq poss ible* Addi~tionally, other invogtigatorsl' 3

have presented evidencen which indicates that the cutti.ng temperaturze
for a given material will increase with cutting speeds to a point; after
which, the cutting temperature decreases with further cutting speed
increases. Such an oocurrencep illustrated in Figure 4, would provide

CUTTING 9EE0
Muim 4. Idumli CVutd Spun - Auliq Too-wpm Fi1t

....................... 4,'•o • ,,e•y,• oa: f .. -
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two cutting speeds, one normal (VI) and one very fast (V3 ), which
should produce the same cutting temperature and, therefore, cutter
"life. Any speed falling between these two would be expected to
yield a shorter cutter Life, reaching a minimum at the V2 cutting
speed. If this proved to be the case, it would open up a nvber of
possibilities. Primarily, it would establish high speed machining
as a meaningful process, provided equipment having the speed ranges
required could be made available. For these reasons, this concept,
was invezstit within the limits of the contractors time frame
and readily available equipment and facilities.

3.2 mer•,tl Setau

The test setup used in this investigation is illustrated in Figure 5.
Machining was acomplished on a 48-inch swing, infinitely variable
cutting speed, No. 2502 Monarch lathe. Pictorial views of the setup
are presented in Figures 6, 7, 8, and 9. The thermoelectric
circuit in patterned after one described by Shaw except that it
ebraces an additional cospensatinq circuit developed by Trigger,

Campbell, and ChaM 9 which enables throwaway insert cutting tools
to be used. This amnsating device uses the 3R drop resulting from
thermoelectric flow in a closed circuit to nullify the parasitic mf
introduced by dissimilar leed materials attached to cutting inserts.

LATHE MOTOR J 01-
CHUCK ''

: " 30~~14.-Tm1.-," '
SCLAMP PLATE & I.. 2014-TIEU CYLINOER --

CONTACT B-UH ........ 014,-TERO0 CC P

" "NOLC PU OTTUCCTONDER

CNTATE CIRCUIT NUAE PROM-T LATHEPAT

COL "---------- 201-61 O
JUNTIO ,C "UNTI,

COL

DIGITAL OECILLOORAPH , AMPLIFIER 151aCYCLE..
MiLLIVOLTMETIR RECORDER o

NOTE: CIRCUIT INIULATEDFOM LATHE"

PigumJ I, |*aepw~ulI Selup Ugad tO Oetuuuius Cuttim T•IImIps,.?,
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The wo=piece was a fored 2014.oE52 aiu.num cylinder approximately
22. inbaS in diametmer by 12 inches long by 7/8-inch wall thickness.
The internaJ. dirneter was step-machined 1 a-inch larger by 'r-imrh deep
to locate and retain a 20.313 diameter by 5/16-inch thick clamping
plate made of 2014-T652 aluminun. Th% crylinder was clam-ed firmly
in an insulated four-jaw chuck which acted outwardly against the
cyliaders A .ntesnal wa.ll. A a safety feature, the cylinder was also
la'mped azially with a drawar-1.ke device which also served an a

peut of the themoelectric circult. This device war couose4 of the .6
aformentioned alaming plate, a 3/4-inch diameter 2014-,J52 aIu.minzm
rod which was epprimately 61 inchas long and threaded on both ends,
a 2-inch thick by 4.1,25 inch diameter by 6-inch diameter stepped phenolic
plug, a Is-inch thick by lO-i.nch dlnater tapered 2014-,•T2 aluminum
c r i- tat plate, and asseoted washers and nuts. Theme
eta. were aseambled an illustrated in Figure 5.

hree different vokpiace bruahse were tried during this inventigation.
fte first brush was made from a strip of 2014-rS,2 alumnum aheeat stock
wc was contoured an oae end to fit the wcrViece perimeter an indicatedKin Figures 5 (altmate method) and 7. The use of this method wasdJ~oou'¢ when it was verifi£ed that aluslnva rMibnq against a..l~umium '

produced galling., aeaing, and poor themoaelectrlc signals. The second L
* method trie.d was a variation of the first i.n that a pai of co-per-carbon
points were attached to the bush as shown in Figure 7. While this
method was not totally satisfactory, especially at h.Wh cutting apeed,.
its use was not dimontinued util. it va foud that cutting fluids
getting on the contact points caused questionable thermoelectr•c miasl.
to be tranmitted* The setup finally adopted for use in thia 'inveastgation
was the mo ewawisive, but moe reliable, mercry--contaat brosh Illustrated
in •itwe S and portrayed in Figure, S.

A part of the Instrumnentation used to measure tool-workpiece thermocouple
outputs is show in Figure 9. The z-y millivolt recorder showa on top
of the cart at the left, with its 24 volt power sunly beneath, Is a
Honeymwell, Kodel 2206, Visicorder, light berm oacillograph. The light
beam signal wea tranmitted by a Honevell MlOO-L20 galvanometer in the
recorder. Not•t ahoi on top of the power mrupply As a San]n, model 6875,
in•• taon amplifier which v•a made necesaaary when, an 11.000 ohm
resistor (of. i,4rue 5) was added to the thaoeleetric circut to reduce
the effects of brush contact, resistance varixations. The d~igital. mAltimeter,
shown on top of tha table in Figure 9, is Won-Linear lystms' ModeA KX-1.
*This instrument was used to caldate tool-.eorkpi• e the•.ccuplea and the
recorder an wall as pzwido a direct readout f or cutting temperatuire aMgt.

InitiaLly, cutting tests were aonducted dry. As a follow-on, different
coolants a-- concentrations wer evaluated to determine their effect on
cutting t•seratur". The te•t setup used to evaluate acolants .L shown
in Figures 10, 11 , and 12. In rigure .0, tbvee carefully ti.zed'aoamercial
coolants are shown awaiting tertun to be teuted. Bach coolant was
pumped from its container to the cutting zone by the adjustable flow rate,
portable pup more clearly shown in Figure 6. After oe.h coolant was
tested,, the pump and lines oe washed out with water taken from the
containeri shown. dditionA.U.7, water was also used am a coolant.

14
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Coolants were delivered to the cutting zone via the hose and copper
tubing nozzle shown in Fig=re 11. The valve shown in that figure
was used to adjust coolant pressue. Coolant flow wan turned on and
off by an electric switch at the pump motor. The copper tubing nozzle
was crimped as shom in Figure 12 to improve coolant flow to the
cutting zone. The coolant system was insulated from the thermeolectric
circuit at L.l likely points of contact with vinyl tape or vinyl sheet
stock,
Standard carbide inserts and lathe toolholders, as exemplified in Figure 13
(shown on page 18), were obtained from Valenite in three different confeigu-
rations for the cutting tests. Carbide inserts of VC-2 grade were obtained
in catalogue numnbers UNG-633, U1O-433, and SEG-6237. The respective
toolholdars obtained for use with these inserts were designated SVER-85,
SVU.4C, an A-XVft-S3C. Chipbreakers were also used to securely clamp -"

the copper-constantan thermocouple wires to carbide inserts as shown
in Figure 13. To prevent chipbreakers frcm becoming excessively cocked
by the thermocouple vires and Amnaed, a tapered relief groove was ground
for the wires in the bottom side of the chipbreaeers. A 0.001-inch feeler
gage was used to check and 'isme that intimate contact was maintained
between chipbreakera and inserts.

The workpiece, cutting tool, and all other components of the thermo-
electric circuit we insulatad from the lathe. This was accomplished
with vinyl tape, vinyl sheest• stock, and other electrically non-conductive
materials. An ohmmeter was used periodically to check the neutrality of
the circuits and corrections, particularly when coolants were being used,
ware made as required.

3.3 Thermocouple Calibration Procedure
Several different methods could have been used to measexe or estimate
cutting temperatures. The thexitoelectric technique, illustrated in
Fi•ure 14, is considered to be the most accurate method by far. -.,

IIA 061 -4
CHUCK-

L..= €~~~ONTACT" BRUSH i'''

INSULATION
TOOL INSULATIO
FROM TOOLHOLDER

P1g.ro 14. IShwmiol Ohbeom S|luwl the Ms.e. by WhIoh Tool-Chip Iltalie' Tempmntm-
An Manied by the Thonam Il. TuNhb•ve. (A) Hot Jumiion, (1) Cold Juietl"
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in this method, the cuatting tool serves as one leq of a thermocoup3..i
and the workpiece serves as the other. The tool-work contact area
serves as the hot Junction in the thermoelectric circuit. The amf -

generated thareby the thesuoouple is proportional to the cutting
tinqrasz&I provided the cold Junctions are not heated appreciably
above race taqpe aturs.

fte .aawu of cg~ circuits that ame applic.abl~e hare are
sunmerised as ollows 7 a

1. The amt in a thermoelectric circuit depends only on the
differeane in taspexature betwieen the hot and cold junctions,

an is independent od the gradients in the parts makingW up
the asysawe

2. The ad generated in independent of the sine and resistance

3. it the junction of two metals is at wmiform tprnattarej, the
sf generated is not affected if a third metal, which is at

the sam tampersatre, is Used to make the Junction between
the first two.

The simplest and possibly the mest accurate me fo Jr calibrating the
tool-w~k thewooup3e is illustrated in Fi1gw. I5' An shown, the
most convenient fors of imkpieue is as a long chip. This will allow the
cold end of the chip to reman near ru= t srtuse. ::t is advisableito grind the and of the tool to a small1 disinter to insuve =Miom
t temeatu and to li~mit the quantity of heat transferred to the cold
ISM of the tool To further &awsin that the acold end of the tool remains

*~S U4461-34

TOOL CNIP *NORDWNG
POTINTIDMITE133

rim..13. Anmepmwmfw C&Mbu~ne Teelwek Thvmep1@

near room temperature, a long tool shoulid be uaedy or possibly, tw-
s*i~ tools should be claped together. According to tethird law

*aboveP the lead bath will have me extraneous ef fact on the sat measured
so long as it remains at unif ozz temperature., The temperature of the
lead bath is measured with a chroael-alumel thermocouple. Temperature-
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at different temperatures for the unknown tool-chip pair are compared
with the am generated by the known chromel-alumal pair, and calibrationi
curves for the tool-chiLp thermocouple are plotted, accordingly. TWO
typical calibration curves 7 are shown in Figure 16.

4~$ - 08 -- 4C

4~ -6

888 4 1200 6 40K 806 1200
TEMPERATURE (OF) TEMPERATURE (IF)

FIg.. IL Tmpw Calbueti. Cusssfa Low Car~o DOWa Agadat
1r, 2 =-14 HIS,udW(W K28am~utsdCakWLd

The foregoing method would not be suitable for us* with carbide inserts
because the inserts cold junction would not remain at roam temperature
Woncu ~tting had Cosmaed. Neither could the aft end of the toolholder
be mad* the cold junction as this would int=duce en extraneous material.
For either case, parasitic amts or erroneous readings would be generated.

* ~To circuisent this situation, a method described by SiekmannP, which
ocbines technique@ developed by the University of Illinois and Massachusetts
Institute of Technology, was adapted for use in this investigation. The
Circuit for the method, shown schematically1 0 in rigure 17, utilizes
a copper-cocrstantan thermocouple lead attached to the inserts so-called

r*. cold Junction. over the tommeature range which the cold junction would
vary, the thermoeleatxic output of copper and constantan with ruspect to
carbide are nearly equal and of opposite polarity. When these two leads
are connected to a variable resistor and the outputs are balanced, the
effect of any temperature variation with room temperature at the cold
junction will be compensated for or naulled, This method was used to
measure cutting temperatures in this study.

INUIII (INSULATED FROM LATHE)

INSULATID FROM LATHE

RA arimai

Pionm 17. CamPuetiug Ckaium

21



To calibrate thermocouples made up of a carbi~de insert and a workpiece
material for the above method, a technique similar to one described by
Siskmann 9 and samow in Figures 18 and 19 was emloyed. AS a first step,
the compensating circuit to eliminate intermediate hot junction potentials
at the cold junction of inserts was ertablished. In Figure 18, a direct
conatact to the simulated cutting tip was made with the ideally Suited

* copp r-constantan thexnacomple. NIext, a lOO-col variable resistor was
placed in series with the 4wbezmacouple leads and adjusted so that the
af generated by tha carbide-copper-cofstsfltanf thermocouple junction

not being at room tmpewature was ba'lanced out to approximately zero at
all tameratuwes up to 90001. Next, the carbide-work thermocouple was
calibrated as showi in rigure 19. There, the compensating lead, can-

r. sisting of the aopper-.onstantan boxmccupJle and the adjusted 100--cb
resiintorp was camped to the carbide rod and connected to the Millivolt-
meter with a copper wire. The other lead# consisting of a long 2014-TG52
&1-4-~n chi take frcm. the Specimen to be machined, was also cunnected

6. to the wJillivoltmeter with a copper wire, both leads were imersed in
inclta OCarobnbud, as Llluatraftede By varying the temperature of the
bath and using a &hrbmsl-eLu=ne theeocouple for a refarencep calibration
aurves wee detsxiniJU4

DRIPING ATERSOUCE 4AREIE ~CHROMELI-ALUMEL1 REF. ~ '
TO KEEPI THIS JUNCTION BRAziDo~ lOSTHE mMOOarnwt

* ~AT ROOM TEMPIRATURI

COMPENSATING CW-

THERMOCOUPLE

PUNKI IB VRIBL

* . RAOIN DIGITA

fh RAIN TOSEB 
NSNN"TERM 

Mw I

COPPRN CDIGIATTA

BAZ OITRTHERMOCOUPLE

THHIRMCMEUER

CEDIGITAL

Plum, 18. CmbMu - Work CalIbuihe 1mw
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The carbide side of the calibration circuit was made up of four short
VC-2 carbide bars which were brazed together as shown in Figure 20
(cf. Figure 19). Rrazing presented no thermoelectric problems, as
the twperature drop acroes the brazes was found to be insignificant.
The carbide-work-reference junction temperature was not significantly
effected by any thermal gradients in the "CerrobT•Id" bath an thean were
all clamped within very close proximity of each other and carefully
lowered into the bath by means of double clamps mounted on the iron
stand shown in Figure 20. The temperature of the bath was varied
between 1500, and 950c, because "Cearrobend" solidifies near the lower
value, and aluminum melts near the higher value. Calibration readings
were taken at 300o intervals during both the heating and acoling cycle
as indicated in Table 1. Millivolt values at each tmperature were
averaged to miniUize any errors attributable to instrumentation response
or thermal gradients* A Honeywell, Model 2206, Visicorder light beam
oacillograph# see Figure 21, was used initially to record millivolt outputs
for the tool-work thermocouple. However, its use was terminated when it
was found that the Fluke, Model 2100A, digital thermmeter and the Non-
Linear lystemes Model NX-1, digital multimeter could be used to establish
values for reference and tool-work thermocouples, respectively, more
readily and, perhaps, more accurately. The aluminum chip shown in
Figures 20 and 21, which was shorter and tightly curled originally, was
annealed to give it ductility. Also shown in Figure 21 are the dripping
water source and the drain funnel and tube used to keep the cold Junction
of the carbide rod in Figure LO at room tvmperature, Finally, the entire
calibration circuit was electrically insulated from supporting fixtures
and the surrowmUng work area.

TUL I - TI=cAL CALIZARTION DATA 0BAINED W= INSERT
SMG-01 FOR VC-2 CARBIXD/2014.T652 ALUMINUM

Te00atue 1ea.19 ..23,LZ erae""(•1')Up Down.,•.

1so -- 0.36 0,36 .,

250O 0.89 o, 93 0.91 ::"::

300 1.19 1.23 It,21 -
350 1.49 1.55 1.s2
400 1.84 1.87 1.5
450 2.17 2o19 2.18
500 2.50 2.52 2.51
550 2.88 2.86 2,87
600 3.18 3.19 3.18
650 3.54 3.55 3.54
700 3.87 3.91 3.89
730 4.25 4.26 4.i6
800 4.61 4.62 4.61
850 4.97 4.96 4.97
900 5.31 5.31 5.31
950 5.68 5.63 5.66
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To b most accurate, the cutter and alloy that will be used in a machin-
ing test should kiso be used to calibrate the cutter-alloy thexwcouple.
This general rule results from the well )mown fact that slight differences
in the chemical cmosition of carbide tipa or workpieoes can significant-
ly effect the oaf output of a tool-vork thermocouple.9 For this reason,
the cabide rod that was designed to reduce heat buildup at the cold
Jnmction (see Figu.e 20) was replaced with a carbide tip or insert as
shown in Figure 22. There, it can be seen that the compensating copper-
constantan thereocouple lead has been clamped to the 'cold' junction of
the insert. It was found that the wires in this lead would oxidize and
o mit false sipna's if heated too many times. An a conseqence, the ex-
posed tips of the wires were sanded clipped after each calibration.
With the chip being frm the test workpiece, calibratons were perfomed
with this setop for four SEG-623t7 two SNG-633, and two SPG-633 inserts.
The results, which have been increased 25% to correct for 11,000 ohms
resistance subsequently placed in the circuit to minimize possible vari-
ations in brush resistance, axe given in Table II.

T= ,1 Z ,TECT CM CUTTZ l fl AND TME•RATU'
O0 flf OUTPUT OF VC-2 CARUZD/2014-T6S2
TUrC0MULZ FOR lIam ZGEDAUM XYSTTE

Mi11ivolts/Insjqt Nber __

Temperature SEG-l USa-2 SM-3 3104SP-1830G-2 8R3-l SM-2'

ISO 0,36 0.40 0148 0.,46 0,45 0.46 0.46 0.46 i[• .

200 0.74 0.79 0.84 0,83 0.81 0.81 0.84 0.83
250 1.09 1.15 1.20 1.20 1.14 1.20 1023 1.19
300 1.46 . 1.54 1.64 1 • .56 1.64 5.54
350 1.86 1.94 2.04 1.91 1.90 1.99 2.04 1.95
400 2.25 2.31 2.40 2.28 2.32 2.41 2.44 2.35
450 2.64 2.73 2.78 2.70 2.73 2.85 2.88 2.74
500 3.05 3.15 3.20 3.08 3,14 3.29 3.30 3.16
550 3.49 3.58 3.64 3.50 3,59 3.73 3.74 3.59
600 3.86 4.00 4.09 3.91 3,98 4.16 A.20 4.01
650 4.30 4.45 4.51 4.29 4.43 4.64 4.66 4.45
700 4.71 4C88 4.95 4.70 4.86 5.11 5.11 4,91
750 5.16 5.33 5.36 5.08 5.32 5.56 5.58 5.36
800 5.59 5.79 5.80 5.51 5.77 6.05 6.03 5.79
950 6.00 6.23 6.23 5.89 6.21 6.50 6.45 6.25
900 6.45 6.70 6.68 6.39 6.64 6.94 6.94 6.73
950 6.83 7.14 7.11 4.81 7.07 7.36 7.39 7.13
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As events were to prove, only three of the insertsa were used to meaxure
cutt~ing edge temperatures. C~aibratiozn curves for these three inserts
are presented in 1~igqe 23. There, it can be seen th~at the curves 4ze
linear tmaot 3S0 to 950. Anthe curves rise above 9501P and

*get ino h moltingurange of alrninm, they can be welpeted to change
and to deteriorate. Fo icrompuitational pumpousus, however, it was assumed
that the curve. rusained linear to 12000P. Using linear regression,
equations for these three calibration curves, when KV> 2.*0<8.1, wereP ~foundl to bee

(1) Tor 5~30-4 Insert

* L 23 (XV) + 120

(2) For SPG-1 Insert

9 115.5 (3IV) +133

(3) For SUG-1 Insert

o 111.4 (MV) +129

where *

B-Temperature, dweree. Fahrenheit

* Slopes and intercepts for the umplatted curves are included in Table U1.
* ~A comparison Of these wvlus and data in Table ZZ indicates that the 330-2,

510-1, and 1110-2 inserts ha~ve the .em exact chemcal cpsition. The
ChOInOica cmpition of the S330-3 insert may be identical to these, but

* ~the chinical composition of the chemia.lly-a4ke 310-2 and 5MG-i inserts
is not. roamed on these and sin4lar obsewvatione, it can be concluded

* that alU the carbide inserts in a standard package do not necessarily have
* ~the $mne cheicial composition and,* therefore, calibration curves. *Call-

* ~bration variations, am shown in Figure 23, can produce timexature arrors
* UP to SO.?. lcw theme reasons, it is important in close tolerance work

that the o~rzect calibration for a given insert be known and n~t assumied.

'.zUMMZ 1= Hh'ZITXCaL mZcRZ1~oMi OF c.LZ3L?~oN cORVZs
FOR nVURI W=n XV )-2.0

Propet 510-1. U37G27SZ-3 330-4 310-1 510-21 110-lJ 31-2
SLOE sr 11. 14.5 11.o- 23 .0 1.M 10.5 SI1-.4 114.6
Wnt (b)133 13 0 3 229 135
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3.4 cExer-ESntal ?roedure

After clamping the aluminua cylinder securely in the lathe with an Ln-
suliated ohu* and combi4ation brush-draw bar device, it was lightly
turned to provide a concentric surfac. The tool to be experi.mented
with 'mu then 4 -itd in an insulated toolbolier so that side or radial
cuts could be kda. A tizet, bas toolhodex was wued in this case to
support the cutting toolis so that arbide inserts and themoo.ploe wires
could be examined and replaced withocut having to coma"e the tool fro
its holder. The copper--omstantan thatmocouple lead van then clamped
to the carbide insnet, and c mnetios at the other cold Jimction of the
toolwaft thezmcmVpl. i.e., the mecr vessel, were cospleted.

Prior to connecting the themcouple le#Ad to the x-y oscillograph re-
corder, the reeomr wae calibcated. Ths wu ucoomplihed with the a
help of a vLable resistance, batte- ry od, sm•iv.lt sorc ma
digital ugatimeter. With this equiymente discrete millvoltages were
passed tbrouh the recorder, and ther traces were recorded as shown in
Figure 24. Wrsn distance* between the millivolt traes were seasured,
it was found that teir variation van, essetially • ,inear with milli-
volt input. As a conseluence, U equation was developed to convert
trace displacmemnt inarmrnts to millivolts. Zu a&U, this calibration
procedur was repeated on four separate occasions for different con-
dltions. The caUibation equation developed for use with the mercury
brush syaten and the Principal one was i

M7 * O.539 1

wbere:

KY a )IllvOlta

X a Distance between investigated and sero milUivolt traces
(centimeters).

T'.e theaniouple leads were, connected to the recorder end the whelm wy.-
tem, was checked with a multimester, a process that was to be repeated
several times, to assure that it was insulated. from other systems.

To counence measuring cutting temeratures, the proper feed and depth
of cut were first set an the laths. JOUte-ardar the lathe was startado
and the cutting speed was adjusted to a desired va~lue with a rheostat
control. Just prior to engaging the lathe teed smahanisa. the recorder
and cuttinq fluid, if one were used, were activated.* The tool was then
started Land allowed to cut for ten to twenty secods during which time,
the mf (millivolts) was recorded with the oscillograph as examplified
in Figure 25. The average displacement from &ero of such an mf trace
was then measured and converted to temerature with the aid of Figures
23 and 24 or their corresponding equatios. between each runi, it was
of tan necessary to remove a built-up-edge (MX) fored between the cut-
tin; edge and ch~ipbrq.kar. Fa± lure to do so could have resul.ted in an
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altered cutter geometry or matarial and, therefore, an incorrect tam-
perature measurement.

Repeating this procedure for all investigations, the temperature output
from the tool-chip thermocouple was determined for C-2 carbide cutting
tools having side rakes of -50, 5', and 130 and back rakes of -5', 00,
and 5o, respectively, operated at cutting speeds ranging from 100 to
4,700 feet/minute and a feed rate of 0.0075 inch/revolution. Similar
cutting temperature determinations wer establiohed for a 0.015 inch/
revolution feed rate and for four cutting fluids, one of which was water.
Depth of cut was maintained constant at 0. 100 inch on the diameter to
conserve material.

Several reruns were required to cover the different brush systems and
electrical systems used and to substantiate paradoxial data obtained
from the cutting fluid studies. Additionally, aluminum, being a ma-
terial that tends to gall, seixe, and weld, proved troublesome from the
standpoint of reproducing cutting temperature data. To provide enough
material to complete the study, two forged 2014-TG52 aluminum cylinders,
approximately 20 inches inner diameter by 22 inches outer diameter by
12 inches long, were procured. Noth cylinders wero fabricated from the
ame mill run to insure unifosm chmc•al and physical properties. Data

reproducibility smong the various systems was found to be good after ob-
vious discrepancies were eliminated. Zn the final analysis, only data
developed with the mercury brush system was used. Reproducibility with
this system was found to be within approximately plus or minus 0.3 .
mil.livolt (+.30"). .

3 E 5 ffecot of Speed and Gometry an Cuttina Temurature

The change in cutting edge temperature with cutting speed is shown in
Figure 26 for three different lathe cutter geometries. The curves in
that figure have been normalized to the extent that each was plotted on
log-loq paper, and the mathematical expression for each was determined
by linear regression. The equations thus derived were used to help con-
struct the curves shown in Figure 26 and are superimposed thereon for
reference. Also superimposed on that figure is the melting range or
spectrum for aluminum and its alloy.. From that xpended plot, it is
seen that each cutting temperature curve tends to peak near the melting
point of aluminum. This is partly understandable, because it would not
be expected that the cutting temperature of a material would exceed its
melting temperature. The fact that one of the curves appears to pass
through the maelting range can probably be explained by one of two rea-
sons. First, the melting temperature of the particular alloy used in
this investigation may have been approximately 1,20007. Secondly, data
points for that portion of the curve lying above 9S00? were calculated

0 by extrapolating calibration curve data (of. Fig=ur 23);, a dubious pro-
cedure at besat therefore, the slope of that portion of the curve lying
in and above the maelting range may need to be corrected downward. Zn
an- event, these curves and melting spectrum tend to indicate that the
cutting tmperature for aluminum alloys will probably never exceed 1,200'F.
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Previously, Datskoll had found for a wide range of materials that the
cutting velocity producing a 60-minute tool life (v6 0 ) with high speed
steel (HSS) cutters would gererate a corresponding cutting edge tem-
perature of 9750 + 250?. Similarly, for a cutting velocity yielding a
20-minute tool Life (v2 0), the corresponding cutting edge temperature

""woud be 1,0250 + 25'?. At a cutting edge temperature of 1,200'F, tool
life would, by et.rapolation, be approximately 0.5-minute. Based on
these and the above observations, it was concluded that: (1) since
aluminum is normally turned with cutters having the geometries shown
in the lower two curves, carbide cutters, if not HSS cutters, can with-
stand the cutting edge temperatures developed when machining aluminum
alloys at very high velocities, and (2) a slight change in cutting edge
tempeaturej e.g., 500F, can have a significant effect on cutter life.

Each of the curves in Figure 26 follow another similar pattern. That
is, the cutting temperatures associated with each rise sharply between
cutting speeds of zero and 250 feet/minute, moderately between cutting
speeds of 250 and 1,000 feet/minute, and slowly between cutting speeds
of 1,000 and 5,000 feet/minute. Additionally, the two lower curves
appear to be trying to plateau or level off at cutting speeds beyond
1,500 feet/minute. At that cutting speed, the corresponding cutting
edge temperature for each reaches 80% of the value it attains at 5,000
feet/Ainute and 70% of the value it would probably attain at 10,000
feet/minute. Thus, it was concluded that most of a autting edge tem-
perature rise occurs at low rather than high cutting speeds and that
this is one featuge or characteristic which does much toward opening
the door to high speed machininq.

The plateauing effect observed for the curves in Figure 26 suggested
that cutting edge temperatures may cease to rise once co=responding cut-

,* ting speeds have reached some unique, high velocity. This concept was
explored with the lower curve in Figure 26. There, it was assumed tha.
the cutting edge temperature would continue to rise slowly toward the
melting temperature (1,2009r, maximum) of the aluminum alloy. Using
the equation for this curve and extrapolating, the theoretical cutting
speed that would generate a cutting edge temperature of 1,200'F was
found to be 19,600 feet/minute. Beyond that cutting speed, it would
not be reasonable to expect a further cutting edge tmperature risee
because such a resultant cutting edge temperature would have to exceed
the melting temperature of the aluminum workpiece, an unlikely occur-
rence. Since it is unlikely that cutting edge temperature will increase
beyond 1,200'? in this case and this temperature is reached at a cut-
ting speed of approximately 19,600 feet/minute, it was postulated that
there. is a unique cutting speed at which cutting edge temperatures cease
to rise. if this be the case, several interesting possibilities arise.
For one, it would be theoretically possible in this example to continue
turning at infinitely higher speeds than 19,600 feet/minute, because
there should be no further rise in cutting edge temperature and, there-
fore, no further reduction in cutter life. Another interesting possi-
bility involves cutter geometry, The cutter geometries represented by
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the top two curves in Figur 26 should, based on the curve equations,
generate a cutting edge temperature of 1,200"F at cutting speeds of
appr.Luat•ely 4,500 and 13,000 feet/minuta. At cuttL.ng speeds below
19,600 feetMJinute, both thes cutter geometries should yield shorter
tool Uves than the cutter geometry represented in the lower curvel be-
cause both would generate higher cutting edge temperatures. conversely,
for .ll cutting speeds Ln excess of 19,600 feet/minute, aLl three cut-
ter gotries shouIlA generate the nmo upjer limit , outt.ng edge te-
peratire of aprxmtly 1,2001r and, theoretically, the same tool life.

owmever, there awe other f~atotrswhich ef fect tool Life besides cutting
•erataur * nem of theme would be cutter strength, and it would not he

mupiing to fiLnd that the superior strength offered by the cutter
geometry for the top curve would lead to a superior tool Life when all
ane operated at cutting speeds above 19,600 feet/ainutse. Si.mlarly,
the -cutter %m or the aiddle curve ight yield the next beet tool
Life. %bus, in effect , it may be foun~d that the influence of cutter
"gemtry on tool ife tends to reverse at cutting speeds nerw that at
which cutting edge tipertores cemse to rise and that there may be
tradeoffs at lesser speeds. h.l•e no reversing trend (of. Figure 4)
for cutting edge t.mpera 'aes was observed in this Limited velocity
smady, the plateauing effect that was evidenced suggests that much in
possible and that infinitely high cutting speeds ane feasible for
aIluinrA alloys.

The Influ•-te of cutter gemtry on providing cutting edge tamperature
relief in• r.early dmosr:-ate.d in Figure 26. Ais shown La that figure
for a cutt.ng speed of 5,000 feet/.inute, cutting edge temp rature was
decreased t• o2. 30"V to .,003•P to 92001 by switching from a double
negative rake (-5 0 bacrk (32), -.5 0side =k (810)) cutter to a
positive rake (00 n, 5s M) cutter to a double poeitive rake (50 no
13" S0 cutter, respectively. Wosed on the Dataka fi4nding reported
above, these cutting temperature iovtmno would be expected to Lu-
crease tool life for N18 cutter, fromnil to well over 60-minutes.
When cuttex geimstry data in Figure 26 wer converted to effective (true) 7
rake angles and replotted as shown in Figure 27o the effect of cutter
geometry on cutting temperature beame mnre maningful. Zn the latter
fig=#r, it in sam that cutUngq edge tomperatnres decrease as effective
rake angles are increasd. However, incasinq effective reke angles
has the adverse effect of weakening cutters . Thus, to the exstnt that
adequate cutter s-ength in mantlained, it is evident from Pigure 27
that cutter geometry can be progressively, manipulated to increase tool
Life by reducing cutting edge taqraure.

Since end .ills generally have effective raeM angles raging fzri 0 100
to 340, it can be concluded from Figure 27 that this type of cutter will
produce minimal cutting edge temperatures. Additionally, milling cutter
teeth • an operate at significantly higher peak temperatures ahan can
a lathe tool?. This happens because the rest period that obtains between
cuts in an inta .ittent operation such as milling allows the temperature
to drop very rapidly when cutting ceases. Moed an these and Datsko's
observations, it was concluded that alumin alloys can be satisfactorily
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zilloed at cutting speeds to at least 5,000 feet/minute with~ high spend
steel end mills and no cutting fluid. While this conclusion subse- L

quently proved to be substantially correct, it was found that cutting
fluids whitch help maeintain cutter clearance, by minimizinig al~±num
bui3Aup on cutter clearance a3*leo or flanks, improve the life of end
UWIU appreciably.

2.6 affect of eeod Pat. on Cuttinaymrtr %~.,

The vyariation In cutting tempeature with feed rate is shown in Pigures
as and 29. An before, the curved in both plots were noraejlized to the
extent that log-log or Linear plots wore made for each, and mathematical
expressiwie were datemiaind for aXI by U near regression. In turn, the
derived equations were used to help cenutruwt the curves and were super-
imposed on the plots alongr with the mselting range for alumimn alloys.P ~ ~Zt is seem in Figure 21 that feed rate cesm not have a lamg effect an
cutting tperat="e for alainua alloys. For instance , lowering the

*~feed rate 0.*001. Loch/revolution will only reduce cutting tomperatures;
about 1207, or cutting the food rate in ha.lf will only reduce cutting
temperatures amut ID001 N ~L~e this does not appear to be nuth of a
reduction* it z~oa2d be remembered fr= Datasco a work that a SO0F drop
in cutting temprature cam triple cutter life, a worthwhile gain. No
exact reason am be given for the data scatter shown for foed rates be-
tween 0.004 end 0.0057 inch/revolution. These points were established

* first, end it may be that the recording system had not becofe stabilized
yet. Zn mny event, it is believed that the scattered data. points wre
invali and that the linsar data point. ane correct. the results of
this study immntrato that soust cutting temperature relief for aluminum
alloys can be obtained by reducing feed rates at na~al cutting speeds.

The plateauing vffect obw~xvsd for the curves in Figure 26 is seen again
in Figure 29t where changes in cutting temperature with cutting speed
are shown for feed rates of 0.0075 end 0.015 inch/revolution. Again,
both curves tend to peak near the melting point of aluminum and to plateau
at cutting speeds beyond 1,500 feet/minute. The heavier (0.015 inch)

* feed rat. curve plateaus faster than the lighter (0.0075 inch) feed rate
curve#, and the two will converge near the melting point of the aluminum
alloy. Uased on the cum.e equations and Figure 26 results, the two
curves will converge neaw a cutting tsmepeatuoe of 1, 20061 and a cutting
speed of 190-000 feet/minute, the theretical Points in this instance at
which cutting temperatures cease* to rime. If this be the case, doubling
the feed rate at cutting speeds beyond 13,000 feet/minute may not have
any further effect an cuatting temperatures for aluminum alloyss and this
would raise another interesting possibility. That is, to the extent that
a cutter material which can withstand a l,*!009 temperature, and adequate
cutter vtrength, machine rigidity, horsepower, jig and fixture strength,
and et cetera, are provided, ii. would be thtoretIcally popsible at cuttinc;
speeds beyond 19,000 feet/minute to continue turning aluminum at infi-
nitely higher feed rates than 0.0075 Lnch/:evolution. Such a capability
would greatly improve metal romovaj. rates and would be maed possible
because there would be no further rise in catting temperatuxre and,
therefore, no further reductions in autter 'Life at such speeds and foeds.
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3.7 Effect of Cutting Fluids on CuttinM Temeratures

All of the cutt.ing edge temperature studies above were conducted with-
out cutting fluids. While no prohibitive thermal restraints to the
high speed milling of aluminum alloys surfaced as a result of dry cut-
ting, it was decided t~o ascertain what cutting edge temperature relief
cutting fluids might provide. In Line with that investigation, it was
also decided to evaluate cutting fluids in the hope that one cutting "
fluid might provide superior cooling to the others. The cutting fluids
selected were Codol 0741 (Stuart Oil Co.pany), coolant B, and coolant
C (names available upon request). Of these, Cadol 0741 wasn the cut-
ting fluid then used at Vought Corporation. Zach of these cutting
fluids was %ixed with water at a ratio of 1:30, as recomended by the
respective manufacturers, and applied as a flood coolant (of. Figure ',
10). Tap water was selected an a reference cutting fluid and was
tested along with the other three cutting fluids.

Variations in cutting edge temperature with cutting speed and the .if-
ferent coolants are given in Figures 30 th"ough 33. For comparative
purposes, variations obtained when no cutting fluid was used are pre-
sented in Figure 34 (of. Figure 26). Again, linear regresmion was used
to obtain a mathe•mtical expression for each curve. Unlike the plots
obtained from dry cutting data, the plots for the cutting fluid data
were linear up to a cutting speed of approximately 1,500 feet/minuts,
at which point, the curves changed directions and were again linear.
For this reason, mathematical expressions were developed for both legs
of these curves, as well s the whole curve . The results obtained
f all of these analyses are summarized in Figure 35 - :

It is seen in Figure 35 that the comeroa2 cutting fluids did not
prove to be effective in this study for reducing cutting edge tam-
peratures. While such a result is still difficult to accept, none of
the efforts made to reverse it, including installing a mercury brs
system in the thermoelectric circuit, were sucoessful. Water was the
only beneficial coolant found among the three ct ercal coolants as
can be deduced from the table superimposed on FIgure 35. Values shown
in that. table were derived with the statistically developed cutting
temperature equations which were also superimposed on the figure for
convenience. These equations should compensate for seine of the inherent
inaccuracies (about +30*7) of the thermoeleatric measuring system. of
the comimroial cutting fluids, Codal 0741 appeared to be the best cool-
ant, and it was closely followed, in turn, by Coolant 0 and Coolant C.

3.8 Conclusions

Since aluminum alloys malt at a tmperature between 9500? and 1,1800?
and the cutting edge temperature curves developed in this study tend to
peak in that range at high speeds, it is predicted that 1,2000F will be
the approximate upper limit for cutting edge temperatures when machining
alum~inum alloys. Several cutter materials exist which can withstand that

41

p ..- .



S

- - - - - - - - - - I
*1* - - - - - - -�

-* - - - - - - w
- '1�I I _______ U>iiz -, - ______

* -- 9- --- I

I ------ i'--- 3
- * *1

.11! 'I

1111� __ ii.3
.. !�

-. �'�1

____ :�r z�2�zz: - *� J
U".. _____ - t:i -+- 5---' --- I � j

I _ I

�. t-t *-� I I
1. - -- *-.I� � U'

* ".!� I I
ii� 'I I a

* ' N
* U6jul11 I -

- { -,--.--* - - - I

- I -

I
is) IUN.LYMUKIJ. DNWAU

42

.................................................................................................



I

--- ,-- 'I-- v--I--I ______ a

ppj - -V1--*�*� - -- - - -- _______I
-I

S - - .----- I IN -.------ _____ I

15 _______ 2

b I
S

E u� I
ii
-� 

UI
�8

5----- -. � - ____ U

I .1

x J I
-- I

____ *1
--.--- ' ___

I
w

- - I U

!II�I I K
(din) 3�flJ.Y�9dR!1 9N1J.±flO

43

�-



- : : � - - - ___________

a -'-4- - - - - -m

*4' 1! 3I.

� - - - - IIg I - - - - - - - ij- - - a - - I
'U ., 4

S * - - - - - I - - -- NF IIItill -- -- I % I
a

- ii
�'zz 7111 ____

-w *� * ____ I� U
U I ii:: :4> -- ___-

I-�
- L - - - - 3

I' -

- - - - - 3

!!E III III
(de) IWflJ.VUIdWIJ. 8UU..LA�



S

* I
ii _____

** ____

_______ N I

us ___ _____

* S I
- -- - - - - -i �1

I I
*
* -U! 

'U

-- �p----- I� I'
uS

* - - - - - - - _______ U -* �: 4� I
U *

II
-, � -� U

-- -.-- I _____ 13
I ________

- � S
- _____ I

* II�
--- K-A - -- I
- J \ I

'I'
I -

_____ U

- � ___ _____

�.LLL L..LLJ_________
!EI�u! I N U

(d) 3�flJVUIdWh1 8NI±1fl�

45

*.**.�*.**.**'**.* ***-*--*.**..¾** .-. v�. ... �. -....* -

* 

. - . . . - . . .'* *.--...*.*.**.*.*.*.-. ,.-*- .-



Si

- - w- - - '

_ _I

r.. -"

.1,

* _,_."__ _

- -- a -- -~ - I
i ~ I

ll* !m i I;.
(do•liII.LVJ•IL 9NI..I

,4-- . -"-'- ."-

~ - - -, ]-9 -



LI I

I aga
-do _m~ul i . I

- 47



kiAnd of tompaera'ue and ciatt-e geometry and foed rates can be manipu-
lated tc povido aem* cutting teeat.we relief. if needed. Additional-

ly, Lnmtet cutting and, perhaps r cutting f luiLds can be used to
provide futher cutting ta.peratme relief. amsed an these observations,it wa conc~l~uded the.re ame no l~• •e thezmA restr•aint•s wlrhich"!"

prohibit the hiob speed uohining of all.-Jn-0 alloys.

eoz.eticm=lly, aluinuma has a oriticaJ. cutting speeds beyond which, there
is no further in=reas in cuttL= ptt2S Zf this cutting speed
can be reahed and ,u~pessed in a praeti1a, sense, it will open the way
to vastly inmd metAl removal rates for it follows that, (1) cutting
speeds am be infinitely inacreased (2) feed rates, being di.ectly and
indirectly linked to cutting speeds, #ar be infinitely increased on both
accountss and (3), optmin cutter 1 ge try macfigurations vwil reverse
from a high shear to a bA* strength mode w•Ath attendant eecnAmies.
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4.0 a==fl~ FWID OPTIMIZATION TESTS

4.1 Introduction

Cutting fluids are not always required for the machining of aluminum and its
alloys, but their use is nearly always beneficial and recommended. At low
cutting speeds, the lubricating action of cutting fluids improves surface

' . finish by reducing friction, built-up edges, and tearing of machined surfaces.
At high cutting speeds, the cooling action of cutting fluids izproves tool
life by reducing cutting temperature. Furthermore, at excesdive cutting
speedsl both the cooling and lubricating actions of cutting fluids improve
"zurfac finish and tool life by alleviating incipient welding between hot
chips aid cutters and curbing high cutting temperatures. While the heat
generated by aluminum machining is relatively low, the use of cutting fluids
is, none the less, reco endedp because these will improve the already good
machinability of aluminum through reduction of friction end cooling.

There axe other advantages to usiLng cutting fluids in high speed machining
operations. One of the more important advantages is thought to be the -.

improved chip control provided by cutting fluids. Aluminum chips, newly
formed at high cutting speeds, are very hot and wildly tossed about the
machining area. Such chips, which can burn machine operators and cause
other discofort, can be cooled and suppressed with multi-naosle hi h
premsure, cutting fluid systems. This and lesser systems can also ae used
advantageously to flush or wash chips free from cutting areas. Tinally, a
list of editantages fc'r using irattinq fluids would includes

a. Protect finished part surfaces from corrosion
b. Lubricate sachine-tool mlideways
c. Lower cutting force requirements
d. Lower part teperature
e. Improve dimensional stability
f. Closer tolerances

Cutting fluids for aluminum generally fall into one of the following class-
ificationi.

as m4inera.l Oil
b. .mulions
c. Chemical solutions

There are a nmaber of good cutting fluids availabl.A from any one of these
categories with which to machine aluminum. Each has its advantages and
disadvantages, and a problem arises when the time arrives to select one.
Many times, a trade-off has to be made, e.g., selecting a cutting fluid
with lass cooling capability to avoid using one that stains, contaminates,
inhibits welding, is expensive, is toxic, lowers machinability, induces
stres- corrosion, yields •uacceptable surface finishes or dimensions, or
produces some other unacceptable divadvantage. When a cutting fluid has
been selected for a process, it must underqo considerable teating to prove
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that it is both economical and safe to use. Even then, it is not uz-
commo for sme production problem to be traced back, months later, to
the cutting fluid being used. For this reason, it i* considared to be
both risky and expensive to switch to a mew cutting fluidi and, there-
fore V•ought will continua to use its current cuttLn•g fluid as a base

and substantiate, at least one acceptable coolant method for the high-
speed uachini.ng of altuinam a.oys.

4.2 ,¶o4•o4 g o MbhpA

To be effective, cutting fluids must reach the cutting edge of tools.
Ts me that a cutting fl.uid must be correctly placed, rather than
randomly diveotedt to waer reach the tool-chip interface. At high cutting
speead, this r bemes ams e, difficult to achieve. Like the case
fn grinding wheeLsp cutters Or workpiaces twaing~ at high speeds tend to
fan, blow ar hrlw the cutting fluid away frm the cutting edge I and it is
questionable if any cutting fluid ever gets to the tool-chip interface.
Thee are several basic methods for applying cutt.ng fluid to the cutting
some, end each of these can be further divided into sab-methods us ilus-
trated by the crivied nozzle applicator in Figure 12 for the f lood ap-
plication mm'o. Ruh method has its advantages, disadvmntages and,
ecomamicso and those discussed below wr•e investigated for the purpose
of selecting the one best suited for gemnml high-speed mWahnig op-
eratic's.

4.2.1 ?lIood NvMati.n ltho.

lince flooding is the most comman- method for applying cutting fluids , it
wu the ftit to be investigated. Most production machine tools, includ-
Lng the SundAtrand imnuLil and the sullard Vertical Turret Lathe used in
this progrum, ane equipped with a flood coolant system. Thinsmystem
nommally consists of a low pressmue pr and a network of pipeos valves
end noazles through which a cutting fluid i delivered from a s qp to the
cutting Sons. Generally, the cutting fluid flood- the tool, chip and
work and then drains into the chip pan 9rau whence, it returrs to the

a pp and is recycled. The low pressure p amp tn he C=Uiil is
shown in Figure 36 along with a high pressure pup that was installed
as a bac should Mah be needed to force cutting fluid into tool-chip ILI -
interfaces. *The high pressure pamp which could put out 75 psi pressure
and a flow rate of 20 galladsIinute through a 3/4-inch pipe was not
needed howevers • the low premure pm pxqv to be adequate for d,-
live-ing Properly placed cutting fluid to tool-chip interfaces. At
timee, the flood method appeared to be too adequate, because on such
occasions, a choking mast was generated about the imnil by a omb -,ina-
tion of a fast t=inig .cutting and a copious flow of .uttimir fluid.
For that reason, the flood application method is not generally recom-
mesded for high-speed machining with end mills cv or 1.0 inch in di- "
meotr.
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FPowe 21. Cunlt Pil Pumps an Omimlmil

4.2.2 Mist AL mlication Method

The problem of introducing an offensive vapor mist into the atmosphere
is also a limitation for this application method. However, the pressure-
fed type mist generator on the Sundstrand Omnimil was found to produce a
lose offensive vapor mist than the c=obination of large, fast turning
cutters and flood applications. Additionally, the pressure-fed generator
delivered enough lubrication to cutting edges to mininiiieechip build-up
on cutter flanks. or theme reasons, and because the mist application
method provided superior cooling, it is the method youqht generally
recomands for high-speed end milling operations when one is required.

4.2.3 Manual Application Method

Some dramatic results were obtained when films of cutting fluld or tapping
compound were brushed on parts to be high-speed machined. Machine loads
were observed to drop am much asn 19% on such occasions. However, this
method of application was found to be too expensive and unsafe for general

5:1"
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4.2.4 Electrostatic Cooling Method

This method of coaling may yet find applications in high-speed machining
for suc• materials as titAnti m steelp and super alloys. It is a low cost
method which, according to the survey made, reduces the temperature of a
heated obj eat Omediately when ma electrostatic field is applied to thehobjec. We metho was proosead t not investigated, because the high-
speed machining of aluminum dd not present any difficult cooling problems.

4.3 Selg•ti. of candIate �utting Fluids

As mentioned in paregraph 4.1, s•lecting an optima cutting fluid in diffi-
cult; becaume thece are each a Isarg number and vari.ty of caomercially
aailable .utt.f fluids from which to ohoose. hah of these would have
its advantWa and disadv•ntages, and it is doubtfl if all could ever be
eval~uated vihLn the @cooe of a g:Lv prograo For that reason, cutting
fluid testing is generally limited to a few selected p'oduate which have
a good potentialo Zn this instance, the application methods established
in pelagraph 4.2 reduced the number of candidate cutting fluids by tendling
to limit selections to eatnsiona or wtew soluble oils. For these reasmos;
the cutting fluids sLected for evaluation in this pogram were limited tot

Codol 0741 Stuart Oil Comany'
Coolant a o~s
coolant C Mnom me _

Specifically$ Codol 0741 was selected because it wee the cutting fluid then
being used at Vought for aluminum machi~ning applications. Coolantis was
selected because it was used at Vaught on occAsions and was known to have
good c~patlbi~lity with aluminum. Coolant C was selected because it was
a relatively inexpensive, premium cutting fluid.

* 4.4 Cutting Mlid Evaluation

4.. cutting TINeraUre 2ests

The results Of this intvestigation are reported in detail in paragraph
3.7 and are BUIMArised in Figure 35. Iasentially, none of the seleoted
cutting fluids appeared to lower cutting temperatures, while water did.
Abbreiated tests made with leaner concentrations of the cutting fluids
and spray mists did not al~ter those results significantly. ;As a con-
sequence, the snelected cutting fluids were considered to be overactive
and better lubricants than coolants. Since water did not Iowa= cutting
tMIMPerature appreciably at high speeds, it was felt that no other
ecOnomical cutti~ng fluid would either sand testing was discný.inud.

*Nins supplied upon request.
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Of the cutting fluids tested, Codol 074-1 appeared to be the best coolant,
and it was very closely followed, in turn, by Coolant B and Coolant C,
respectively.

4.4.2 Surface Finish Tests

Surface finish tests were conducted on a lathe with a setup like that
shown in Figure 11. Using a cutting speed of 2,410 feet/minute (447 rpm),
a feed of 0.0075 inch/revolution, a radial depth of cut of 0.035-inch, and
SW-623J carbide inserts, a cut approximately 3 inches long by 20.6 inches
diamter was made with no cutting fluid. The feed mechanim was then
disengaged and the tap water cutting fluid (of. Figure 10) activated. The
feed mechanim was then re-eongaged, and another cut approximately 3 inches
long was made using water as a cutting fluid. Similarly, 3 inch long by
20.6 inches diameter cuts were made using the selected commercial solutions,
mixed 130, as cutting fluids. (Notes The hose and noasal through which

the cutting fluids were pumped were rinsed with water at the conclusion of
each test to prevent one ci'tting fluid from mixing with another). After
concluding this series of its, the Al 2014-TG52 workpiece was removed from
the lathe, and the gqeneraid surfaces were measuzed with a Taylor-Hobson
Surtranic 2 profilometer. The as-measured surface finishes obtained were%

Dry 40-44
Water 40-44
Coolant 3 39-41 -.
Codol 0741 38-40
Coolant C 40-42

Again, little difference was noted in the results produced by the three

comarcia.l cutting fluids.

4.4.3 Znt•AranMlar Corrosion Tests

The purpose of this test was to detmzmine if any of the candidate cutting
fluAs (Codol 0741, Coolant B, Coolant C) had any detrimental chemical effects
on al.uminua alloys A356, 6061 and 7075 by performing ambient temperature.
stress corrosion tests for the nine combinations.

The hardware used in conducting the stress corrosion tests was the following,

a*. Test Spec sens All test specimen dimensions were 0.25-inch
thick by0'.75-inch wide by 10.0 inches long. The A356 specimens
were prepered from a Lance missile G&C Shell, and the 6061 and 7075
specimens were prepoyrd from plate material. All materials were
in the TG temper.

b. Stress Corrosion Fixtureso The nine test fixtures were mnade of
aluminum and conformed to Figure 37 dimensions. Theme fixtures
were previously fabricated by Vought's Engineering Test Laboratory
in accordance with TR 66-52210-061.
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SA 4081 -41
TO STRAIN CECA-13-125 UN-10A

TDIDICTO STAI GAGE •k..-

WAG8, 0101, ME'/ ALUMNUM)W

US THK x L71WIE x 10.1 LONG IN.

FIXTURK•.. :i
ALUMINUM

BOLT•'
PluWe V. mAm Caanuu Tm Plmng With SpumiM Ilmml"

a.* CandidateTu olns

Adeqata quantities of the teeU candidate =utting fluid
materials ere mixed 1:30 by volme with tap water. T"e
flLida ezlibited no =mPleasant odorsafdter mixinw.

Each testMc•ixmm was strain gaged, ushi, Czh-125-UN-20 srrain gaqes.,
These atrLa i11 qa Wer aplied! atthe ente r Om•l cati~on of testl al]•:lm,lOX"...-

ans imndcated in Figure 37, and •onnected to a strain indicator. After
tak•ng a no-load reading, a upeci.mn was placed in one of the stress
corrosion fixturs and then stressed, using the l1/2-20 bolt (of. Figure
37) and the strain gae indicator. Stress was aplied until the specimen
wis at 70% of the yield strength literature valu.e The strain data used
as a qudel~ine in applying 70% stresa levels to test specimens are given
as follows&

Text Yield 70% Yield Modules Of Strain 6 70% S
specimen Strength Strength Bl~sticity (3) .
Material (PST) (PSI) (PSI)Stan

A356-ON 28000 19600 10.4 x 106 1985 U in/in
6061-T6 38000 26600 9.9 X 106 2687
7075-'f6 62000 43400 10.3 x 106 4213
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The aszain gage was then removed, and the specimen and fixture were submerged
approximately 1/4-inch in one of the three fiberglas tanks which contained
the test coolants. This same procedure was used in preparing all eighteen (18)
specimens for testing.

In the first half of the tests, nine (9) of the eighteen (18) specimens,
consisting of six (6) A356 and three (3) 7075 specimens, were sauberged in
the three tank of cutting fluid. Of these, two (2) A356 and one (1) 7075
specimens were placed in each tank of cutting fluid. The specimens were
allowed to remain exposed in the coolants (with the top of the fiberglas
tanks covered) for 30 days. After the exposure was completed, the specimens
and fixtures were removed fr the fluids, water rinseds and the specimens
wore metallurgically examined. The metallurgical examinations revealed that
no stress cracking or corrosion bad occurred to any of the A336 or 7075
aluminum specimens. The only effect noted was that some darkening of the
specimens had occurred and was m•re predominant on the A356 than the 7075
specimens. Figures 38 through 40 port•ay the post-test condition of the
test specimens. Examination of the coolants showed that the Coolant C ex-
perienced some breakdovwn and exhibited lumpinens and an unpleasant odor.
The Coolant 9 and Codol 0741 fluids did not exhiW••t any breakdown and did
not have any lumpiness or unpleasant odors. Figure 41 shows the condition
of the fluids after 30 days.

4SA 481. --

Plpnw X1 Coand~tea oE two A381 end one 7075 Ahuiamisu Steem Cratiedn
Speamimee Aftw 30 Days Exposfu to Coolant C
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Pigs, IS C IUtedTwnAlm2UBeuiDuAl-TUTUUrn.Cwmh.
ospuimmi Afto X Omy boomers fa CoMiii741$A06-d

Pigure 40. Ce~d~aa ofTwo Al-311 sod Om Al-TOT 3w. Cwde
SPuI..IAf 30 Daysaasb~ to CaeisiotU
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FIgurs 41. Canditfonn of Ca4didats Cooknuts Aftw 30 Oays

The above procedure was then repeated for the nine (9) raining specimens
whirh consisted of six (6) 6061-T651 and three (3) 7075-TG51 specimens. All
of these specimens were stressed to 70% of yield strength, placed into the

three (3) 30-day old test fluids, and allowed to remain for thirty-six (36)
days. After the exposure was completed, the samples were removed, rinsed
with water, and metallurgically examined. The metallurgical examinations
revetaled that no streas cracking or corrosion had occurred to any of the
6061 or 7075 aluminum specimens. Figures 42 through 44 portray the poet-
test condition of the specimens. Examination of the coolants after sixty-
six (30 + 36) days showed that Coolant C had excessive.breakdown (uniform
lumpiness and very unpleasant odor). Some lumpiness and odor were noted
in the Codol 0741 and, to a lesse= extant, Coolant 3 fluids. Figure 45
shov. the condition of the fluids after sixty-six (66) days.

Tho results of these tests revealed that all three fluids were compatible
with aluminum and safe to use when machining that material. The results
also indicated that Coolant 3, followed closely by Codol 0741, had the
greatest resistance to bacteria growth of any of the three fluids. Ad-
ditionally, the results showed that Coolant B would be less likely to stain
any of the tested aluminum alloys.
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FIgur 43. CeaItim of Two AI-IU and 0n AI-iP Inbs- Cimspi
Upsamu Aft. 31 Omy lapim w Coaul 1741
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Plgut 44. Condltisi of Two AW081l and Onm A 1-7075 WhIN Corrosion
Spundmna Aht 36 Dasy Exposure to Cool ant I

* COOLANT C FLUID

Filwe 45. Condition of Candidasti Coabem After 66 Days
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4.4.4 Cost-Analysis

Pricing requests were submitted to local distributors of the three candidate
cutting fluids by Vaughit pu&hasi~ng agents* Prices obtained for the three
fluids Ln varying qaantities ware an follows:

Cutting 5-9 10-19 20-39 Ovex 40 "
plum DmsumnM Drums Dous

COdn 7 $4o79/]gaL. $40.4/gal. $4.69/gal. $4.64/gal.

odo4 0.041 "4o1/gal. 3.95/gal. 3.89/gal. 3.o83/gal.
c.clant C - 3.63/gal. - -

To be fair, a cost avAlyss. would have to include tndivect costs as well asdireat ostms* Th• woul J.:l~udo such enties,'las ost par: ga]llont replenisah-!

ment cost, cutting fluid Wie, cost of additives, filtration costs, maintenance
omst, product jq ovmient, productimo rate isprovsment4 tool life improvement,

and othern. An analysis of that magnudl.te was beyond the scope and, perhaps,
Stime fir. of this programp therefore, none asa made. However based upon
the above prices and Figu•e 45, it is conceivable that Codol. 0741 would be the

*~leost equmnulve cutting fluid.*

* 4.5 CoftcLusions

Other testsi e.g.. m.oh#.namhility, deoratitis, ewd toxicity could have been
performed, but itw.as felt that the results so obtained would not signi.fi.cantly
alter any rankicngs established by the foregoing tests*. ased an the result. of
those foregoing tests, none of the candidate cuttng fluids wmer found to be
overlUl superior to Owdo. 0741. Therefore, Codoa 0741 was considered to be
an acceptable cutting fluid for high --ee machining applicationst and it was
selected for use in the rnmalndex of this progrin

L
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5.0 M40DIFICATION OF EQUIPMENT

intrz.=odctu•ion ••.:

The state-of-the-art existing at the time of this program limited high

speed machining to only a few of the several machining processes.
Those that mployed a revolving spindle rather than a revolving work-
piece offered the most potential for high speed machining applications.

For instance, it could be hazardous to atteopt to trn an unbalanced
part on a lathe at 4,000 ryu whereas it would present virtually no
problem to turn a milling cuttc at that speed. Additionally, there
wer no known reciprocating machine tools capable of producing high
cutting speeds except those utilizing ultrasonic vibrationi and ultra-
sonic vibrations were too weak to drive even a modest-size tool or

workpiete. For these reasons, high speed maching process selections

were limited to rotating spindle type machine tools.

To provide a high speed spindle capability, a Sundstrand 01-3 Onimil,
5-axis, N/C machining canter and a ullard VTL, 3-axis, N/C machine
were retrofitted with high speed spindles. Additionally, safety

features sad other provisions had to be incorporated into these new

high speed systems. These modif ications, which provided high speed

end milling, drilling, and turning facilities, are described in more

detail below.

5.*2 amnimil 014-3 Machining Centor -,

Views of the imnimil before and after modifications axe presented in

Figures 46 and 47, respectively. The work area for the modified
niimil is shown in Figure 40. Zn making theme changes, it beom@

necessary to give up the automatic tool changing and pallet (part)
changing systema shom in Figure 46. As a result, the productivity
of the machine was greatly reduced. The principal modifications made

for the M-1mil axe discussed in the following subsections.

5.2.1 Safety Chip Guard

The hbouing shom built around the worktable in Tiqures 47 and 48 was

instaled primarily to prevent high velocity objects; e.g., broken
cutters, from striking and injuring sameone. This protective enclosure

was effective the only time it was tested and also caught many of the
chips produced when machining. "

The housing was of laminated construction, being formed from four-
layers of 0.062-inch thick 7075-TG6 aluinum that was subsequently
riveted together. Zn front, it had a sliding section which provided
access for loading and unloading parts and tools. The top of the on-

closure was made of plexiglas to maintain better illumination in the
work area. Four pull-pins were provided for attaching the structure
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to brackets mounted on the worktable. When desired, this non-permanent
housing was easily rawved from the mauhine by an overhead hoist.
Overall, the housing was approx~imatuly fo=r feet high , four fiat wide,
and eight feet long.

5.2.2 Bryant HIigh-2sped SPindle XISEURe

The hi1gh speed spindle showni in rigure 49 was designed and manufactured
by the Bryant Grinder Corporation. it was designated as Special Bryant
Model H-914-VC, motorixed spindle and had the following characteristics £

A. speed range of 10,800 rpm to 20,000 rpm, infinitely variable.

b. Horsepower rate of 20 horsep~ower at 20,000 rpm, 10 horse-
power at 10,800O rpm, peak for intermittent. service.

C. Milling tool holder, UIumber 30 Standard M.N. tape, manual
tool changing.

d. Spindle bearings, AREC Grade 9, precision ball with oil-air
mist lubrication.

0. Spindle motor cooling, water with air-to-water cooler.

f. Spindle housing dimensions of 6.6:3 inches diameter maximum

by 13.75 inches in length.
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To power this 8indloe motor, a solid statse, variable fteqenoy P=Z
TPA300, 30 M'v, 100 mpger power suply was installed as shown in
TLipxe 50. An isolation t-tansforme (see Figueu 51) was installed
between the power supply and Lalt pow= lines to provide the correct
voltage (230 V, 3 phase, 60 Ia) and to furnish line isolation. A
control.'anel (F•.rqe 52), installed between the power mupply and
spindle, provideds

a. Digital tachometer end speed control rheostat

b. Spindle load meter -

0 . Elapsed time moter

d. Spindle mo.to temperature gaqe

6. Over-cnrrent protection

f. read hold output

q. oil reservoir warning indicator

h. Coolant syst•m indicators for normal and malfunction con-
dit•ions and malfuincton interlocks.
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M~wo IL. UId Iwo, Vvtshis Piqrnemy, PYI YR 0130,
a KW Powu supply

N-14104 A 4061-46

FIgurs Mi. 37.1 KVA Ischiloe, Trandommu
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LOAD
I 00.

£ pjn&Ue over-teserstme indi~cator and faunction Lnter-

j. i-lsvever c currant indicator and automatic system shutdown~.

k- . -witchas 90r a11 Power ontol funci .

To supply ocoleat to the spindle moter, a 30-gallon tavX assemby
(.i."r 53) consisting of a -.p a 460-volte 3-phase, 60 He motors
a pressure xequlatori pressure gagesi and a flow switch Wer installed.

A spindle luibricoation system consisting of a lubrica~tion panel assam- *

bly and an oil-air mist blender were installed to provide coaling to
the bearings and intaxnal prassurizat~on of the spindl.e houasin.u* The
lubrication panel assembly (Piguze 54) embpdies 25- and 5-mirozn auto-
matic drain type aix filterst a manual air line shutoff valve, a
solenoid va:lve Voceable from the uain control station, an air pressure
regulator, an oil mist pressure switch, a large capacity resarvo ixt
and an oil-mist generator with float switch which will. provide approxi-
mately 600 hours lubrication reserve. The air-oil mist blender which
mixes clean air with oil-mist frm the mist generator to provide

*internal pressurization of the spindle housing motsnts to the top of
the Q±MAMl.
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5.2.3 tustellation of Dryimt. High-Speed spindles

The regular slouw (10 to 990 rpm) and fast (40 to 4,00n x~) speed
Spindles on a Sundstrand 011-3 amimil are shown in Fiq%-.e 55, When
the kast speL4 spindle was fed out along its lI-axis, it protruded from
t~he swiveled machining head as shown, in Figurei 56. r rom that position

*the fast spindle and its housing Oligure 57) were removed from the
machini~ng head after disconneoting about 3 lines and removinq scme 16
fasteners. The adaptor or high speed spir~ls housing shown in Figure
58 was designed and fabricated at Vaught to replace the one snhown in
Figure 57.* A spindle casting, loee spindle and besaring&, could have
been purchased from ftidwstrnd and machined to accept the Bryant spindlei
but the quoted lead tiae was not acceptable. The Vaought designed
adaptor is shown installed in rigure 59. For good rigidity,, this new
spi~ndle housing me mounted on a solid bearing block, replacing the
roller beoiwings. The 7.5-inch travel on the I-axis usn lost as a
result of these changes. Additionall.y, ca"abilities for the automatic
tool changer were lost for the Bryant spindIC because of its Manual
draw bar operation. Continuing, the Bryant spindle (cf.* Figure 49)
was positioned in its special housing "s indicated in Figurei 60 and
clamped In placim by the Vaught designed and fabricated aimp ring shown
being instalL&. in Rig=*e 61. znstallation of the spindle was acm-
p:.etad wh~en the (.am riwm e bolted to the a"w housing and all else-
trical, cooling, and lubricating lines weoe connected as shown in
Figure 62.
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"The Bundstrand fast speed spindle. and the I,-ant high speed spindle,
as described above , are it erczhangeable. AN a consequence, operatic-ns
can be converted from high speed milling to conpv.nti.onal milling, or
conversely, in approximately 2 hours, excluding a2..Lgment, time.

5.2.4 Table Feod Sygstm

Previously, the OM-3 C-4-41- had been equ&ipped with a Sundstrand, 51
SUgC, CNC, master control unit, having a 11/05SC ua-•Icocputer. This
control provided a max=m feed rate of 200 inchs/minute. Am events
wero to prove, that foed rate was not close to being fuai. enough. f.r
a 20.000 rp spindle, feod rates to 400 incheO/minute can now be recom-
mended and feed rates to 1,000 inches/minute may not be umrea.Litic.

t is said that the above control unit can be modified to provide foed
rates up to 400 inches/minute by making one hardware and two softabre
modificatins , haoiwver, such a modification remains to be evaluated.
In any event# future users, of this type of equipment should specify
higher foed rates for their machines than was used in this pror'am.

5.3 Dullard V'TL Machine

Unba=l.anced piarts such an -the guidance and oontrol (G&C) s)oells shown
in Jigure 63 have to be tutrned at relatively low spends to =inimize

mahine vibrations.* To provide a more competitive tturning process for
such parts in particular aind a better turning capabiliJty fo~r machining
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centers in general, a Bullard Vertical Turret Lathe (VTL)p 3-sadis,
N/C machine was fitted with a high speed spindle for develoymental
studies as shown in Figure 64.* Details for this relatively simple
modification are described below.

5.3.1 ICCO Hligh-Speed Sriindle Sys-tem

A. standard router spindle made by Ekstrom, Carlson and CLmpany (ECCO)
was procured for installation on the Bullard vertical turret lathe.
That spindle, which is shown mounted to the side tool post of the
Bullard in Figure 65 and is similar in size to that in Ekstrom, Ca~rlson
drawing P-548, had the following specificationes

Horsepower 20 at 14,400 rpm, 10 at 7,200 rpm,
and 5 at 3,600 rym

Spindle speeds 3
Cycles 240, 120, 60
Drive motor Drive AC
Drive motor cooling 4 to 6 %am - water
Cooling system 225-gallon recirculating tank (optional)
Spiadle nose 40 machine tool taper
Drawbar Manual
Spindle lubrication Oil mist
Spindle brake Dynamic
Horsepower meter yesa
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Frequency converter Furnished
Bearings Class 7
High spindle temperature Automatic shutdown
Low lubrication level Automatic shutdown
Reversible No
Overall dimensions Sam drawing P-548

To pawer this spindle motor, the Louis Allis (Litton) motor-generator
frequency converter sham in Figure 66 was used to supply 20 KW/l0 KW/
2 IVA at 240/120/60 eartz through the ECCO ti-variable frequency power
supply shown in Figure 64. DC plugging was used for braking. A con-
trol panel installed in the power supply cabinet (of. Figure 64) between
the power supply and spindle provided:

a. Spindle load meter
b. Switches for all powsr control functions
a. Motor overload light and automatic shutdown system
d. Spindle over temperature light and malfunction interlocks
e. LWbe level light and malfunction interlocks ".-'
f. Air pressure low light and malfunction interlocks
q. speed selector switch.

A change in plans led to using two (2) coupled 55-gkailon barrels for
a spindle motor coolant supply reservoir as shown in Figure 67.* A
spare Browne and Sharpe pump, operating off 115 voltvs and a 1/4-
horsepower mator, was used to deliver coolant to the spindle motor at
pressures to 30 psi.

An Alemiter, serial number V-4, lubricating system was supplied by ECCO
to deliver oil mint to front and rear bearings in the spindle motor.

5.*3.*2 installation of ECCO High-speed Spindle

Through four (4) holes in its base, the ECCO high speed router was
bolted to an adapter plate which, in turn, was bolted tO a tool-post
adapter and clamped in the side tool post as shown in Figure 65. A
composite view of the adapter plate assembly is shown in Figure 68.
Alignment for this simple installation was enhanced by a keyway slot
provided in the router base and duplicated in the adapter plate for
two different positions.

This setup was not very versatile. For instance, if the spindle or
cutter were retracted an inch or two, the Bullard side saddle (see
Figure 65) would hit a Limit switch. Conversely, if the spindle were
advanced an inch or two, the side saddle would hit the main rotary
table. To provide needed flexibility, different length tool holders
wert used and an additional locating (keyway) position was machined in
the adapter plate. No provisions were made for maahin:..ng off-center,
which was later found to be advantageous in producing good surface
finlshes. Additionally, feed rates could only be set by trial and error
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procedures, because tale speeds (revolutions per minute) could not be
programe~d or overridden at the low end of the speed range that had to
be used. In msuiation, this setup proved to be usefu~l but awkward f or
test purposes..

3.3.3 Safq-ty_-Qiy Guard

The shield shown in rigure 69 was designed and built to protect person-
nel :rom broken cutters and chips. As shown in Figures 84 and 70, that
guard which had a 10-inch inside diameter was open on one side to pro-
vide chip relief arnd surrounded the cutter elsewhere to provide safety.
It altso fit over the router housing and waa mitered against the work-

.1' piece to minimize exposed areas.* The guard was positioned by sliding
it in and out of a locating fixture witb the aid of two round guide
bars as shown in rigure 70.* The locating fixture was bolted to a cap
plate whicho in turn, was bolted to the router bass anid its adaptor
plate. While seldom tested, this guard proved to be effective in re-
straining partially broken cutters on at least two occasions.
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6.0 MACHINING TEST EQUIPMENT AND GENERAL PROCZEUPR$S

6.1 Peri~heral End Milling

The modified Sundstrand, Model C1-3, 5-axes, numerical control (D/C)
*Mimil described in Section 5 (of. Figures 47 and 62) was used to
oonduct a wide variety of peripheral end milling tests on the aluminum
aloys selected in Section 2. This machine was ideally suited for
developmental studies because its speed and feed were infinitely vari-
able between 10,800 to 20,000 revolutions/minute and 0 to 200 inches/
minute, respectively. Additionally, it was equipped with a digital
tachometer and could be operated in either an aut•matic or manual mode.

The load mtoer on this machine was recalibrated mc that it could be
used indirectly to measure spindle horsepower. The motor Itself was
recalibratad so that a reading of 100% was equal to S0 amperes end
other percentile readings were prop•rtionali i.e., 25% equals 20
amperen or.

Ampored (1) , 80 ( areading/00) L

Voltage was found to vary linearly with spindle speed as shown below:

s29e 1E1 Dr. (volts).'' ",. .

X00800 132
14,400 177
18,000 223
20,200 251

Analytically, these data were found to be related as follow.:

Volts (Z) = (rpm - 379)/79

Thus, by readinq the load motor and digital tachometer, spindle h~ors*-
power ouild be read direatly from the nomograph presented in Figure
71, or camnuted from the above expressions for diruqt current values
and the following relationships

Spindle horsepower (HP) EZ/746

While the power going into a spindle in called the spindle horsepower,
the power coming out of the i•pindle t.o drive a cutter is called the
cutter horsepower. The ratio of these tw values is a measure of the
efficiency of a given spindle. in th.is program, cutter horsepower
was calculated from the expressions

'Outt•r horsepower (H . 3.03 x 10" F V.
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:In 1,igue 72. *leed foxoea (1 g) and thbzst fores (F • were alsO ..

measured with this dynanmeter which was purchased from cook, Smith
and Associates of Concord, Massachusetts. The output of t'he
dynymmmet•r was picked up, nalnoed and inplified with a Midwestern,
Modal 210, oscciloqraph (see Figure 73) and recorded with two X-Y
platters us shown in Figure 74.

.0.

The text s et:ap hoam in Figure 72 was used vith and without the
dynammeter to Conduct peripheral end millin.g tests fort

a. OptiMim radial and axial depths-of-cut
b. Cutter deflection
0. Cutter pullout
d. Cutting force measurements

a. Horsepu~em costputatiazas.

so
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Foar this setup, warkpieces for all. the a~lumimn alloys were apprcm±-
mately 2.*25 inches thick by 1.2 inches square. These were drilled,
counterbored and bolted directly to the dynmmrnter as indicated in
Figure 72. The amniml was opezuted in the manual made for all of
the above tests.

By mentally romoving the dynamameter in rigure 72 and rep lAcinq it
with the vise shown an top of the angle block in that picture one
can, after further mentally rotating the angle block 90 degree.,
visualize the peripheral end milling setup used to machine "pcimers
fort

*a. Surface finish teats
b. Plesidual stress tests.

specimens for these tests were Mjpr= maay one-inch thick and two
inches square prior to machining. Meachining ves accamplished manually
by jogging the 2-axis to machine the vertically mounted specimens.

The test setup shown in Figure 75 was used to conduct peripheral end
milling tests fort

a. Cutter qeametry
b. Cutting speed
C . Feed rates
d. Tool life.
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Another view of this setup is shown in Figu=e 76. There, it can be
observed that the machining test pieces which measured approximately
2 inches thick by 12 inches wide by 36 inches long were surel-.y
bolted to tw angle blocks which, in turn, were bolted to the rotary
work table. In conjunction with this setup and these teaste N/C tapes
were prepared. Generally, those tapes directed a cutter to cut back
and forth (climb and conventional milling) a length of 31 inches plus
its diameter at the maxim= feed rate of 200 inches/minute. When
neceasary, that teed rats was overridden downward toward z"eo, as re-
quired, in 5% increments without reproq-mminq. At the completion of
each pass, cutters were directed by the N/C tapes to pause about 0.1
second, feed downwa•d 0.25 inch and resume cutting in the opposite
direction or, when signaled, to pull out of the cut for inspection.
In this mannar, these tests were performed in an automatic mode.

6.2 Drilling

Much the same equipent and setup that were used for peripheral and
milling tests (of. Figure 75) were used for drilling tests. As before,
the high speed spindle in the 0mnimil (cf. Figure 62) was used to
power cutters , (drill, and workpiece were bolted to the same two angle
blocks as shown in Fiqure 77. Even the workpieces were the same. In
this case, used workpiece specimens from the peripheral end milling
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ri tests (see Figure 78) were turned over and bolted to the angle blocks.
The uncut sections left at each of the milled sides provided clearance
for drill penetration, and the 1/2-inch thick web that was left pro-
vided material for drill tests.* An N/C tape was also prepared for these
tests. This tape directed that holes be positioned on 3/4-inch centers

* - at 200 inches/minute and drilled at a feed rate of 200 inch. s/minuto.
Further, this tape directed that fourteen rows of holes be drilled on
3/4-inch centers and that 43 holes be drilled per row. By incrementing

* 3/9-inch down once and to the right twice, the total number of holes
was increased by a factor of four, or a total of 2,408 holes were
drilled per plate. A drill could also be signaled to pull out of the
work area for inspection after c~epleting any row of holes. I n this
manner, drilling tests were also performed in an automatic mode.

M-17I I I SA 4041-42
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6.3 Turning

Turning tests were performed on a Ballaxd vertical turrit lathe,
equipped with a high speed spindle, an shown in Figure 70, usingen
mills an cutting tools. The mechanics of thin method are presented
in Figure 79 along with those for conventional tarning with a vertical
lathe.* The merits of using the end mill nethod for turning unbalanced
parts like the G&C shell (cf. Figure 63) can be deduced with the akid of
the analytical relationships prevented in Fiyure 79. For example,
the 22-inch diameter by 11 inches long G&C shells are conventionally
turned at a cutting speed of only 179 rpm and a feed rate of 0.010
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ich/revoluti=on. The stun task us accciel.£ahed with a 2-.inch di:m-
star, 3-fluta, end Mill operated at a feed rate of 0.010 inch/tooth,
a radial depth of cut of 0,3 inch and a cutting speed of 14,400
zevolut.as/sinut.e. When theme data were substituted into the Frigre
79 equations, it was found that the Machining time pe pass (T) for
"the omventional. method was 6 .2 minutes while that for the end mill
method was 3.6 minutes., ft these results., it was concluded that the
end mill method of tumning could be eoomuically competitive in special
Cases.

Another economic consideration is setup time cost.* For instance, if
a lathe setup could be 4liminatod by doing both turning and milling on
a Machining center, Pa could be the came for the GC shell, the end
mill method might still save enough time to be coat effective even
though it was not fast:e. Thus, while it in not ordinarily possible
to beat conventional lathe turning for machining cost effectiveness,
therea are special situations, ea. g., 1.mblanced parts and e•-iminated
setups, which vw.ll enable end mill turning to be the more cost effective.

The rotary table on the Bullard V :L had a speed ranqe that was infinitely
arwiable fro- 0 to 468 revolutions/minute. According to the Figure 79

equations, the fd rate produced on a GOC shell at the top Bullard
speed would be t

A6

* ** *** **.* .*,** ... ~** *.* .. * ... * **. . * % > *~. *Iot *.



fc DN - Tr (22) (468) - 32,346 inches/minulte

and the chip load would be:

ft 32,346/3 (14,400) - 0.75 inch/tooth

Both of these values would stream an and mill beyond its endurance,
so it was concluded that realistic feed rates could be increased with-
out limit on the Bullard. In Oontrast, the feed ratQ range obtainable
from the Onnimil was found to be too limited. For this reason, teod
rate studies for this program were performed on the Bullard VTL.

To feed the 2-inch diameter cutter at a rate o., •l•0 in.h/tooth while
it was turning at 14,400 revolutions/minute in t.. axample above, the
Bullard would have to rotate the G&C shell at the following calculated
speed (of. Figure79 :

N fo/C ftt N/WD

N = 0.010 (3) (14,400)/w (22) * 6.25 rpm

The rotary table an the Onizil had a top speed of 2 revolutions/
minute, so it could not be used for this application. For the Bullard
VTL which did have enough table speed, it was found that the table
could not be N/C proqgrioned to turn accurately at such a slow speed
due to a loss of resolution and override control on the low side of
the Bullard's speed m-%qe. It was found, however, that table speeds
as low as 1.7 revolutions/minute could be set with reasonable accuracy
by manually adjusting relay contacts in the circuitry on a trial-and-
error basis. Zn contrast, dawnfeeds (fa) on the Bullard could be and
were satisfactorily programed. Thus, tests for this operation were
performed pai-tially in a manual mode and partially in an automatic . -

mode..

6.4 General

Axial depths of out were not programed for any of the operations be-
cause of variations in cutter lengths. This parameter was generally
set by manually touching-off a workpiece and then incromenting in a
desired depth for each cut or succeeding out.

At the higher spindle speeds, it was found that cutter balance could
seriously hinder machining operations. The magnitude of the hinderance
also appeared to be a function of cuiter s ze. That is, a cutter under
one inch in diameter could generally be r an up to 20,000 revolutions/
minute without emitting a loud noise or exhibiting much vibration.
However, such cutters, if significantly unbalanced, would generally
produce a hering action and yield a shorter tool life. On the
other hand, the largest cutters tested (2-inch diameter) would, if
out-of-balance, generally cmmence producing a siren-like noise and
vibrating the machine frame at spindle speeds around 15,000 revolutions/
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minute.* If spindle speeds were further increased, both the no ise and
vibration would increase until, at 20,000 revclutiona/minute, both
would probably be intolerable. The same result Was also noted for
cutters having diameters between one and two inches but to a pro-
portionately lessner degree . Thus as a noral maintenance policy,
newly procured cutters were spun up to 20,000 revolutions/minutes
and if found r~cewsary# the cutters were shipped to a vendor for dy-
amic balancing. There, balancing was accoplished by grinding metal
off the backside of cutters as portrayed in Figure 80. Similarly,
toolholderm were dyuinically Walanced by drilling or grinding metal
from appropriate points along the surface of toolholder bodies. *It
wes also found advantageous to grind opposing met-screw slots in the
sanak of end mills.* This procaedure not only helped balance a cutter,
but it was frequently noted that ratating a cutter in the tociholder
ixoroved cutter runaut and balance. In sumation, it was estabLished
that the success or failure of high speed machiningq depends largely
upon cutter balance.* Therefore, extra care and expense were expended
to provide good spiudle., toolholder and cutter balance in this pro-

4~61 6A 4041-94
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7.*0 TEST RESULTS -CUTT'ER GEOMETRY

7.1 Statistical Model for Tests

it has been shown 7 that the functional angles on a cutting tool areb. related as follows:

sine a sin2 I+ C0 22i sin CC n

wheres

(I effective rake angle

01 normal rake angle

i inclination angle.

If optimum values for two of these angles could be stablished, then
the third angle would be fixed mathematically and the optimum cutter
geometry would be completely defined.

An experimental technique was develope&12 which solves the above
equation experimentally an illustrated in Figure 81. There, PIt can
be. seen that a cutter having an inclination angle of -71 /20* and an
effective rake angle of -50 will yield the longest tool life between
reCrin". and Is, therefore, the optimum for face milling 4340 steel,W
Re54.* Similar tests were performed on other materials 1 and the re~

suits were correlated with respective material properties, using a
multiple linear regression technique and a digital computer. From
that study, the following empirical equation waa developed for pre- .

dicting optimum face mill geometries:

ae opt - 19. 79 - (0.167 S) + (0. 08 RA) +(007S)
+ (10.1 Sy/Su)G

Using this equation, handbook data, and test results reported by
Oxford1 3 , which stated that a helix angle of 450 wdiuld produce the
best finish on aluminum, as guides, cutter geometries which would
bracket the optimum value were estimated. A total of nine geometries
were estimated in all. These were divided into groups of three,
having inclination (helix) angles of 250, 35e,, and 450, respectively.
In turn, each inclination angle group of three had corresponding
radial rake angle values of 56, 100, and 151. Brazed carbide cutters
having theme nine cutter geometries were proaured for optimum cutter
geometry testing (of. Figure 81), and these 1.5-inch diameter cutters
are shown in figure 82.
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7.2 rast Speed Tests

While waiting for the Bryant high speed spindle to be installed in
the imnimil, it was decided to try and get a head staxt on the opti-
mum cutter geometry tests by using the fast spindle that was already
in the mniimil, This decision was encouraged by the fact that the
fast spindle in that machine would turn up to 4p000 revolutions/
minute.

To establish a starting point for this test, all nine cutters were
tested (of. Figure 75) for cutting efficiency with the aid of the
load meter on the Omnimil. The results obtained are presented in
Figure 83, where it can be deduced that a cutter having a helix angle
of 250 and a radial rake angle of 50 probably ha. as good strength
and cutting efficiency as any of the other geometries tested. It
should also be noted that carbide inserts on the 150 radial rake angle
cutters, having helix angles of 35' and 45', broke while cutting.
These inserts were too acute and appeared to grab and then snap in
the 7075-T651 aluminum workpiece. The cutter havinq a helix angle
of 35' and a radial rake angle of 10' also exhibited a good cutting
efficiency, but it was not felt to be as strong as the 25' helix
angle, 50 radial rake angle cutter; so the latter was selected for
initial testing.

HELIX ANGLE - 5A-',-
110 CARmIOn-- -45 0 U"OKE CUTTING SPEED: 4,000 RPM
101 e- . F-EED: 40 INCHESIMINUTE

RADIAL DEPTH: 0.25 INCH
101 AXIAL DEPTH: 0,25 INCH

SI ,,COOLANT: CRY
S-- - - - - -WORK MATERIAL: AI-7075-TSII

aU -- -- K -K

71 - - - - -

I 5 10 15 20 21
RADIAL RAKE ANGLE (DEDREEE)

Pin U. "ofet of C~eo Goometry an Mfihkininq Loed

When conducting a similar test for steel, Oxford 1 3 found that his
test curves were linear and had negative slopes. The 35' and 45"
helix angle curves in Figure 83 started out that wayl but at a radial
rake angle of 10', these curves reversed and the slopes became
positive. In further contrast, the slope of the 25* helix angle
curve was positive throughout, and the curve was nearly linear. No
good explanation can be offered for this behavior now; but it appears
evident that 150 radial rake angle cutters are less than optimum.
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using the end mill having a 25° helix angle and a 50 radial rake
angle, tool life tests were initiated on 7075-T651 aluminum workpieces
(cf. Figure 75). The results obtained are given in Figure 84. As
shown, that end mill cut for 544 minutes (9.07 hours) without ex-
hibiti•ng any appreciable wear. D•uing that time, the end mill
traveled 1,81.6 feet through the work material. Testing was stopped
at these points because it wax believed that too much material
would be required to complete the taests.

SA 4 061-4 9

CUTTER: 1J-4N. DIA..2-FLUTI, 1.71-N11. F., ZIO HELIX, ____'_

0J1-- Is R. BRAZEO CAR2IOE END MILL- {
/ CUTTNG S3PEDU 1,57 FTMINUTIU10-.-- Faso.. V" INCH/T'OOTH "

RADIAL DEPTH: 02 INCH
N - AXIAL DEPTH: 0.J1 INCH

CUTTING FLUID: DRY
LIM WORK MATERIAL: 4-707-T•I -

ALTERNATING CUIM AND CONVENTIONAL MILLING -_•
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cutt•er geometr test.s were resmmed with the cutteri.s 8hown in Figure
82. As beoe, thee •teat wer initiated on 7075-TOSl alini.• with
t.he end mill having a 5' radital rak angle and 21' heli1x angrle. In .':
an at.empt t~o hast.en cutter wear, a normal procedure for optm.

a to•p spindle. speed end feed rate• of 20,000 revolutions/miuteo and
200 inches/minute., respect'rively. The results• obt.ained with t~his
o,'-,ination are presented in Figur 85. There, it; can be seen that .'
the selected end mll, which had a runout of 0.001 inch T.Z.R., cut '.
372 minutes (6.2 hours) beforel the test was stopped. DrinELg tChat' .:
time, the cutter traveled 6,200 feet; or 1.*17 miles throuh the work .'-
materi':al. * y extrapolation, it was estimated •tha this cutter would"
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Filgar IL Effeet of Cutting Speed an Carbide Cutty Weilt

have cut for 7 hours before developing a 0.015-inch wearland, a
normal tool life end point. The wearland which developed on the
flank and top rake of this cutter is shown in Figure 86, and an
end view of the cutter is shown in Figure 87. For comparative
pur•oses, the results obtained from the fast speed tests (cf.
Figure 84) were superimposed on Figure 85. In sumnation, it can be
deduced from this figure that cutting speed has a definite effect on
cutter wear but that cutter wear is generally not going to be much
of a high speed machining problem when cutting aluminum alloys.

Work material depletion began to surface as a problem at this point;
0 therefore, cutting efficiency tests were rerun to develop some quick

indices, using the higher cutting speed and feed of 20,000 revolutions/
minute and 200 inches/minute, respectively. The results obtained
virtually mirrored those shown in Figure 83, including the breakage
of carbide inserts on two cutters having 150 radial rake angle and
350 and 456 helix angles. Based on these results, it appeared that
the cutter having a 150 radial rake angle and 250 helix angle might
be one of the quickest to eliminate; therefore testing was resumed
with it. Actually, the reverse may have been true; 'for as shown in
Figure 88, that end mill cut for 229 minutes or 3.8 hours before test-
ing was stopped. Testing was stopped at that point because the end
mill was developing built-up-edges on its flanks and, as a consequence,
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was cutting so hard that it was pegging the load meter needle and
tripping the overload interlock switch which shut down the cmnimil.
Had the built-up-flanks not occurred, that end mill might have cut
for S hours before developing a tazina• l tool life value of 0.01s-
inch wearland. Nevertheless, that end mill would not have lasted
as long as the ome having a 0 radial rake angle and 252 helix angle
an ca be deduced froim Figure 88, where results for the latter were
superimpoed for comarative purposes. Only meager data were re-
arded for theand mill having a 250 helix angle and 100 radial rake

angle and that too was superbiposed on Figure 88 for comparative
purposes. While only a guess can be made for the 10' radial rake
angle cutt•• , it would be expected to wear more slowly than the 15-_
radial rake angle cutter and to wear nearly on par with the 5 radial
rake angle cutter. While the end mill having a 33" helix angle and
100 radlal take angle showed same potential (see Figure 63), it de-
vyloped t nicks in 7 minutes which promised to abbreviate its tool
life. At this point, tests were tamoinated because it did not appear
that any of the cutters would outperfom the one having a 25' helix
angle and a 5' radial rake angle. Additionally, the optimum cutter
geometry tests were tenm natad because cutter wear and geometry had
degenerated into a minor problem for this proqam, and work material
was being too'rapidly depleted.

Tt had been planned to use the statistical method illustrated in
Figure 81 to establish opti:um cutter 3eametri.es iz this study. How-
ev!r, that method could not be advantageously applied, because =utting
speeds could 'not be inceased to the point where cutter flanks would
develop 0.015 inch wealands in minutes Instead of hours. The next
best methed to use for this investigative purpose ms probably that
shown in Figure 881 but to produce defensible data, even that method
required that ome cutter lives be measured in hours. I n sh*ot, there
does not appear to be a simple, direct method for establishing an
optimm cutter geometry for the high speed milling of altminum. Until
such a method is established or a better cutter geuietry is found,
a 25' helix angle, 50 radial rake angle, carbide eand mill will prove
to be more th•an adequate and is recumended for the high speed machining
of a•mlinum alloys. .

96

V __ -'.X-.; :7



Ii

8.0 TEST RESULTS - MACHINING PARAMETERS

8.1 introduction

The objeotive of this event was to develop optimized machining pro-
cedure and parameters for the selected combinations of aluminum
alloys and machining processes so that future missile components
could be fabricated at maximum economioal speeds. Synonymous with
maximum economical speeds is maximum metal removal rates. Conse-
quently, to the extent possible, rough machining cuts were used in
developing economic machining conditions. Rough machining is used
in removing the bulk of material from missile forgings, castings or
raw material and is, thus, better suited to high-speed machining
operations than finish machining. The determination of economic
machining parameters requires a knowledge of the machining conditions
that will yield high metal removal rates or extended cutter lives.
The plan which was outlined to develop that knowledge here consisted
principally of optimizing cutter gecmetries and materials, coolants,
feed rates, depths of out and cutting speeds, in much that order.

Cutter gemetry, cutter material and coolant optimization were dim-
cussed in previous sections. 13% this section, feed rate, depth of
cut and cutting speed optimization data and results obtained from
end milling, drilling and turning tests on 7075-T631, 6061-TG51 and
A356-TG aluminum axe presented. This type of information should be
especially useful to spindle designers and N/C programers.

The extraordinarily long tool lives produced by carbide cutters (of.
Figure 85) were hindering the development of high speed machining
technology in these tests and appeared to be squandering both time
and material. To rectify that situation by reducing cutter life to
a more acceptable level, testing was continued with high speed steel
(HSS) cutters when feasible. The HIS end mills used were off-the-
shelf items and generally had 300 helix angles, 100 radial rake angles,
and 120 primary clearance angles. These cutters contained 4% cobalt
and may have been more heat resistant than normal. In any event,
these standard priced cutters, which lowered tool life some 56% under
that for carbide cutters, proved to be more than adequate for a 20,000
revolutions/minute spindle in most oases. Thus, the substitution of
high speed steel cutters for carbide cutters in these studies was
found to be not only expedient but, generally, proper.

8.2 ParipherAl End Milling

8.2.1 Feed Rate Optimizati'-

"The maximum 0wnmil foeed rate was limited to 200 inches/minute. For
two- and four-flute cutters, that feed produced a maximum chip load
of 0.005 and 0.0025 inch/tooth, respectively, at a cutting speed of
20,000 revolutions/minute. Since aluminum can be readily cut at chip
loads up to 0.010 inch/tooth, it became evident that it was futile to
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attinpt an evaluation of feed rates on the OmniiMil. Instead, this
parameter study was shifted to the Bullard V.T.L. machine which had
no practical uppier chip load limitation. The results obtained will
be discussed in paragraph 8.4.1.

Peed rate tests were perfomzed an the 0=ximil for 6061-TGSI aliminum
at chip loads of 0.0025 and 0.005 inch/tooth. The results of there
tests are given in Figure 89, where it can be observed that the heavier
chip load produced a slower rate of cutter wear and, therefore, a
louger tool life. It was expected that this trend would continue up
to feed rates of apprwmately 0.010 inch/tooth, after which, the
trend would reverse.

CUTTER:
MATIRIAL: COBALT HIS END MILL CUTTIlNG 81111M AS; SHOWN
DIAMETER.: 13 INCHES FEED: AS SHOWN
OVERALL LENGTH: U. INCHES DEPTH:
F LUT LENGTH., 2 INCHES RADIAL 6.2 INCH
FLUTESMf 2 AXIAL: 4A INCH
HELIX: 316 CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
RADIAL RAKE: 135 WORK MATERIAL: 1041-TIB ALUMINUM
CORNER ANGLE: Is ALTERNATING CLIMB AND CONVENTIONAL MILLING
NONE RADIUM LM2
CLEARANCE: 120=9'

Oil$ I- - - - .02 INCHiTOOTH
3.33 "~MIN

0.14 - - - - --

OAS5 INCHflOOTH

10,10 UnFjMIN - -.--.

0J0( ~ C - - -3

CUTTING TIME (MINUTES)
FlIgn #1. Efles of Fewd Rag..s Cu"Ottwowv
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8.2.2 Depths-of Cut

One of the first characteristics noted about the high speed machining
process was that normal depths of cut could not be made with it. aor
instance, the relatively light depth of cut taken in the tests ref-
erenced by Fiqure 83 either raised the load meter needle to a high
value or pegged Lt. When cut depths were further increased, it was
"found that protective, overload interlocks in the spindle system would
shutdown the spindle'. and Cmnnizil u operations. An investigation
revealed that the interlocks were activating at an input load of 40
amperes or approximately 13.5 horsepower when the spindle was operated
at 20,000 revolutions/minute. For a "rule of thumb" efficiency of
65%, this meent that the spindle could only put out a maximum of 8.8
horsepower. This lack of power helps explain why the spindle was not
capable of making deeper cuts. wh ep '

Afte discusesing this power deficiency problem with th spindle's "

manufacturer, the Bryant Grinding corporation, the overload, inter-
lock, trip point was reset to 90 amperes input or approximately 30
horsepower at a spindle speed of 20,000 revolutions/minutse. Based 6-a

on a 65% efficiency, the output capability of the spindle was raised
to approximately 20 horsepower by this action. At the same time, the
interlock was being reset, the load meotr was recalibrated (see
subsection 6.1) so that ampeire measurements couild be extracted directly
from it. Additionally, it was ioted that a 5' machine load or about
4 amporel or 1.4 horsepower were required to turn the spindle, un-
loaded, .at 20,000 revolutions/minute. Overall, these procedures
decreased the spindle's protection but enabled it to make deeper
depths of cut.

Using the more powerful spindle, depth of cut studies were performed
for the three aluminum alloys. All tests were conducted with a spindle
speed of 20,000 revolutions/minute and a feed rate of 200 inches/
minute. High speed steel (HSS) end mills were used to machine the
7075-T51 and 6061-T651 aluminum alloys. Tor the most part, these
HSS end mills had a 1.25-inch diameter, 4-flutes and a 2.5-inch flute
length. For the few cases where the radial depth of cut exceeded
approximately 1.25-inch, a 2.0-inch diameter, 4-fluts, 2.5-inch flute
length cutter was used. To machine the surprisingly abrasive A356-T6
aluminum alloy, carbide cutters had to be used. For this case, brazed-
carbide end mills, having 3-flutes, 2-inch flute lengths and 1.75-inch
diameters, were pressed into service. The variation in tooth density
here was not thought to be siqnificaot, because preliminary tests had
not indicated any appreciable difference in the machining loads gen-
*rated by 2- and 4-flute end mills under the test conditions used.
The test setup used is shown in Figure 72. With this setup, radial
depths of cut were varied over a range that produced a practical
spectrum of machine loads. The machine load produced by each varia-
tion was noted, and the data obtained were plotted in the manner
shown in Figuze 90. There, it can be observed that the plot is linear.
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The analytical expression for that curve which has been superimposed
on the plot was developed with the aid of multiple regression. T!i
procedure was repeated for each aluminum alloy at axial depths of cut
of 2.0, 1.5, 1.0, 0.75, 0.50, 0.25, and 0.125 inches, respectively.
The curves for each alloy were gathered and replotted by material as
shown in Figures 91 through 93. These curves are not conservative
because each was developed with a relatively sharp (0.000 to 0.003
inch wearland) cutter. It follows that duller cutters will generate
higher spindle loads and that some allowances will have to be made.

, •However, these curves provide a good starting point for the program-
mer having to prepare an N/C tape for high speed machining. To
further guide the programer and provide some spindle protection,
recomnended operating bands or ranges were superimposed on these
curve plots. For instance, if the spindle is to be run continuously,
it should not be operated at a machine load over 50% (40 amperes).
For short or intermittent runs which provide an opportunity for the

.6 spindle to cool down, spindle loads to 75% would be in order. Spindle
loads over 75% have been red-lined, because breakdowns occur with
greater frequency and magnitude in that zone. While spindle loads
over 100% have been recorded for some cutst e.g., plunging the full
cutter diamedter into the corner radius of a pocket, these have been
very brief iz• ,ration. Any attempt to machine at a 100% load for
very long wculd Erobably result in a bent spindle shaft or some other
catastrophe. I.MPle these reco•anded operating ranges were not
comprehensively developed and are subject to change, these were based
on the contractor's experiences which included the bending of two
spindle shaftst however, no bearing failures were experienced. To
further aid in the selection of cut depths, equations aeveloped for
each curve (of. Figure 90) aera presented as follows,

Al-7075-T651
Axial Depth Radial Depth

Uinoh) .... ch) (.L:

2.0 dR a 0.0014 (% load)

1.5 dR n 0.002 (c load) - 0.010
1.0 dR • 0.0034 (% load) - 0.016
0.75 d w 0.0048 (% load) - 0.033
0.50 di a 0.0073 (% load) - 0.042
0.25 dR - 0.0145 (% load) - 0.048
0.125 dR - 0.0223 (% load) + 0.107

A-l-6061-T651
Axial Depth Radial Depth

(inch) (inch)

2.0 dR a 0.0016 (c load)
1.5 dR * 0.0022 (% load) - 0.012
1.0 dR 0 0.0035 (% load) - 0.016
0.75 dR - 0.0050 (l load) - 0.034
0.50 dR - 0.0083 (% load) - 0.070
0.25 dR = 0.0171 (% load) - 0.079
0.12!. dR w 0.0304 (% load) - 0.115
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Al-A356-T6
Axial Depth Radial Depth

Uinch)-- (inch)

.3.5R - 0.0038 (~load) - 0.031
1.0 da - 0.0056 C% load) - 0.041
0.75 d1 - 0.0079 (% load) - 0.070
0.50dR - 0.0112 (4 load) - 0.092
0.25 dR , 0.0209 load) - 0.166
0.125 dR a 0.0320 (% load) - 0.008

When selecting a cut depth, it should be borne in mind that increased
out depths noAt only burden the spindle but decrease cutter life as
well. From the typical example shown in Figure 94, it can be seen
that the faster wearing cutter is the one making the deepest depth of
out. Along with the depth-of-cut tests, cutting force, cutter do-
flection and cutter pullout tests were conducted, simultaneously. At
the end of each pass across a 12-inch workpiece (of. Figqure 72), dur-
Lng which spindle loads for systematically varying axial and radial
depths-of-cut were noted, the end mill was allowed to dwell in the
out until it had returned to its undeflected position. The end mill
was then worked back and forth a fraction of an inch to produce a
-mall, undeflected flat on the machined surface. Cutter deflection

wars then determined by measuring the height of the resulting step with
a depth gage micrometer. The distance that a cutter pulls out of the
spindle during a out was measured in much the same way. For that test,
another depth gage micrometer was used to measure the axial depth-of-
cut after each pass. The difference between that measurement and the
original setting was the measure of cutter pullout. Force readings
were obtained by activating the Midwestern Model 210 oscilloqgaph and
X-Y recorders shown in Figures 73 and 74 and converting the record-
ings from millimeters to pounds of force. These tests will be dis-
cussed in subsequent sections.

8.2.3 Cutting Sveedn

The objective of this investigation was to develop Taylor tool life
curves so that most economical and productive cutting speeds could be
eistablished directly and analytically. Normally, this is an easy task
to accomplishi but due to the ease with which aluminum can be Ma-
chined, tool lives and material consumption were found to be too ex-
cosuive. Theme results stretched out test schedules, necessitated
tooling and cutter mat.erial changes with attendant retesting cycles,
and fostered additional procurae•nt'delays. When these delays were
coupled with the spindle breakdown delays, it was found that there
was not enough time left to fully complete this task.

While it may be generalized that tool life and cutting speed do not
appear to limit the high speed machining of aluminum, the inventiga-
tors for this program were anxious to develop some technology in these
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areas. Consequently, the fragmentary data developed and ptesented
in Table IV was pieced together as shown in Figures 95 and 96. The
estimated slop* of 0.3 for these curves was based on results de-
veloped by Datskoll. Using that value, extrapolated curves were
drawn through firm data points as shown. Although these curves are
useful for discussion purposes, these have not been substantiated; and
the reader is cautioned not to attach too much credibility to them.

To verify the two extrapolated points on Figure 95, it was estimated
that at least two plates of material, measuring 2 inches by 48 inches
by 144 inches, and 25 hours of cutting time would be required for the
tests. If there were any premature failures or scatter in the test
results, even more time and material would have been required. For
theme reasons, such tests were not pursued.

The theoretical curve in Figure 95 indicates that a cutting speed of
46,643 feet/minute will give a one-minute tool life for the referenced
carbide cutter. On the other hand, if the cutting temperature ceases
to rise beyond a cutting speed of 19,600 feet/minute as suggested in
subsection 3.5, a cutter life of at least 15 minutes might be obtain-
able at any cutting speed with the referenced cutter.

The cutter in Figure 84 gave no sign of aver wearing oat. An estimate
of its tool life can be made with the aid of the Taylor tool life
equation superimposed on Figure 95. That equation was developed from
the curve and predicts that the and mill will cut for 81,120 minutes
before resharpening is required when operated at a cutting speed of
1,570 feet/minute. While it would be difficult to imagine an end mill
cutting that long in practice, this analysis does indicate that,
barring premature failure, the referenced end mill will yield an
extraordinary tool life when operated under the favorable conditions
shown.

Mi±crographs made of chip. produced by the two firm cutting speeds are
presented in Figure 97. There, it can be deduced that aluinum appears
to tear at lower cutting speeds. It may be that the higher cutting
temperature generated at the higher cutting speed.has some bearing
on this result. For both cases, however, the cutting tool remained

0 relatively cool to the touch.

A general idea of what the most eoonomical tool life and cutting speed
would be for end milling alminia can be obtained from Figure 95 and
the following equation1 4  .
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Ta -.in~] [t + TCT

whoresa

T- tool 1life in Cut for Wai~nmu part cost (minutes)

t - total Cost of cutting edge including acst to change
F. the tool and to regrind the cutting edge and deprecia-

tion of the tool

-MW - machine. labor and overhead rate (/aminute)

tool cnng U0 e(minutes).aud r tio rate

can b siia ly e fo nd from th ollowi :b •~ng equationsp~a~~a

Te tool Lio in ct fomxim prodction

NY using typical aerospaes rates for 3WO, and eaatal figures for the
variables TCT and t, the above equations yielded mst economical anid
inaz~inmpwoduatiocn rates of 225 minutes and 23 minutes, respectively.
The corresponding cutston speeds were found by subst~ttuting these
data into the Taylor tool life equatiau superimpa ed an Figure 95.
When this was done, it was fond that the most econmicale and mxi-
-u production cutting speedo for a3mminunm were an the order of

9,190 feet/minute and 13,210 feet/a•.ute, respectively, for this case.

The above cutting apese cam be translated into spindle speeds for
different sized utters, with the aid of the following equations

14 3.52 V

where t

L.
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M - spindle speed (revolutions/minute) I
V = cutting speed (feet/minute)
d - diaeter of cutter (inches).

When this was done for the case of 1.5-inch diameter carbide cutters,
it was found that the spindle speeds required to achieve maximum economy
and production were on the order of 23,400 and 46,400 revolutions/
minute, respectively. For 1.0-inch diameter cutters, these spindle
speeds would increase to approlimately 40,730 and 69,570 revolutions/
minute, respectively. All of these values exceed the 20,000 revolutions/
minute spindle speed that is currentl.y maximum for 20-horsepower
spindles, however, these are indicative of future spindle speed de-
sign needs.

Zt should be re-amphasized that most of the calculated values above
were based on very meager test data. As a consequence, these wer@e
only rough estimates and should be considered as being merely indicative
of the magnitude of optimum cutting speed requirements for aluminum.

At this point in the investigation, it appeard that if any defensible
cutting speed technology were going to be developed for aluminum, it
would have to be done with shorter-lived high speed steel cutters.
Consequently, testing was resumed with 2- and 4-flute high speed steel
(355) end mills. Initially, tests were conducted on 7075-TGSI aluminum;
but when it became evident that there was not enough work material
left to complete the tests, the 6061-T651 aluminum test material was
used intad. Additionally, 1.0-inch dieter cutters yielded exces-
sive tool lives for the task at hand on Al-7075-TOSI as shown in Figure
981 therefore, when the work material was switched to Al-6061-T651,
cutter diameters were-switched to 2.0 inches and axial depths of cut
were increased to 0.5 inch. The higher cutting speed obtainable with
the 2.0-inch diameter cutter reduced tool life to a more realistic
level for test purposes (see Figure 98). With this setup, only one
good data point was obtained, and that is presented in Figure 96.
Shortly after that test was conducted, the shaft of the high speed
spindle wae accidentally bent and had to be repaired. As a result of
the long delay in repairinq the spindle and other program comitments,
the cutting qsed tests were never fully resumed and, thus, no defen-
sible cutting speed technology was c=Vletely developed.

To establish som order of magnitude for the optimum cutting speeds
that can be obtained with high sped steel cutters, the curve shown
in Figure 96 was prepared. An before, that curve was constructed by
drawing a line having a 0.3 slope through a known data point on log-
log paper. The equation for the resulting =uve was superimposed on
Figure 96 for reference. Like the curve in Figure 95, this curve is
useful for discussion purposes but merely represents a best estimate
and should not be treated as being anything more.
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CUTTER: SA 4 01-112

MATERIAL: COBALT H31 CUTTING SPEED: AS SHOWN
DIAMETER: 1.0 INCH FEED: O.0021 INCH/TOOTH

a 1.1 INCH DEPTH:
OVERALL LENGTH: 4 22145 INCHES RADIAL. 0,25 INCH
FLUTE LENGTH: 1.I7/.1 INCH" AXIAL: 0.50 INCH
FLUTI 0 4 CUTTING FLUID: CODAL P741 MIST (1:30)

C Y WORK MATERIAL: 0 7071-T831 ALUMINUM
HELIX: -39e C3 6011-T611 ALUMINUM
RADIAL RAKE: I1 ALTERNATING CLIMB AND CONVENTIONAL MILLING
CORNIR ANGLE: 0•
NOSE RADIUM: AUS INCH
CLIARAI9CE: t'2-1-

I ll -... - :t-e- --RI

S I ....- n - -

6.1 1115 "'"M

U IN 0 Is410 In
CUTTINg TIME MINUTEE)

PFt, .L Alpmmts lium O o Cmrw S1e0o 61 OWm WOrN

The theoretical curve n riqgure 94 indicate. that a cuttinq speed of
36,227 feet/minute would yield a one-minute tool Life for the ref-
arane"d US alttezr. It c tting t,40pa6turme itaIili. at a cutting
speed of 19,600 feetm••inute as suqgete..d in subsection 3.5, a cutter
Life of at least sven minutes might be obtainale at any cutting
speed with the refezenmed 1I1 cutter. Other oalculati•n• indicate
"that the tool Life yielding maxim economy and production rates for
1.5-inch diamieter, 0S, end mills would be on the order oil 133 minutes
and 23 minutem, respectively. The cutting speeds corresponding to
these taol lives vere calcualaed to be on the order of 8,350 feet/
minute and 14,140 feet/minute, respectively. Similarly, the spindle
speeds were computed to be 21,280 and 36,000 revolutions/minute,
respectivuly.
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For comparative purposes, the theoretical tool lives, cutting speeds
and spindle speeds calculated for 1.0- and 1.5-inch diameter end mills
were tabularized in Table V.

TABLE V - THRORETZCAL MOST ECONM41CAL CUTTING SPEEDS
MOR SELECTED CUWZRS AS DEVELOPED FROM
FIGMS 95 AN~D 96

End Mill Diameter,
1.0 Inch 1.5 Inch

HIS Carbide HSS Carbide

Most economical tool life
(minutes) 94 137 133 225

Mo~st economical cutting speed
(SFM) 9,270 10,660 8,350 9,190

MoHt eonomical spindle speed
(RPM) 35,410 40,730 21,280 23,400

Maximum production tool life 3
(minutes) 23 ;23 23 23

axLinum production cutting
speed (SI1M) 14,140 18,210 14,140 18,210

Maxinmm production spindle
speed (RPM) 54,000 69,570 36,000 46,380

Work material Al-6061 Al-7075 Al-6061 Al-7075
Axial depth of cut (inch) 0.500 0.250 0.500 0.250

In Table V, it can be observed that there were more variables than
just tool material and size involved in the data presented. Such an
occurrence generally makes any direct comparisons difficult if not
impossible to achieve. However, the effect of variations in cut depth
and wrk material on the above data were thought to be offsetting.
For example, any advantage gained by a carbide cutter in machining
at a shallower depth of cut mould be partially offset, at least, in
this instance, by its havinq to machine a more difficult material.
The opposite would be true for a HBS cutter. it was thus concluded
that the test conditions for each cutter material offered an advantage
and disadvantage over the other that were largely compensatory. If
that hypothesis, along with theoretical based data, can be accepted,
then several interesting deductions can be made from the above table.

As may have been suspected, the data in Table V indicated that car-
bide cutters can be expected to out longer and faster than high speed
steel (HIS) cutters. These data also point out that, barring premature
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failures, the superiority of carbide cutters increiases as cutter di-
Masters decrease. Further, these data point out that, all other things
being equal, cutting speeds and, therefore, metal removal raetsi in-
crease am cutter disasters decrease. It was interesting to note from
the data that reomended spindle speeds for all the cutters 1.5 inches
in diameter and under excieeded the speed capactities of both the Bryanit
(20,000 rpm) and URkstrome Carlson (14#400 ra) 20 horsepower spindles

used in this program. This result signified that USS cutters can1 be
readily used with this equipment and that both spindles should gen-
eraLly be operated at -ii- speed when using either carbide or ESS
cutters. . These reoimnded or optimm spindle speeds also provide
needed criteria or goals for future, large horsepower, spindle designs.
Finally, thesse data give sawe idea of what the magnitude of optimum
cutting spoeeds for milling alumninum would be. PaFr instance, as shown
in Teble V, opt"M cutting speeds for the heat-treatable aluminum
alloys would be an the order of 10,000 feet/minute. For the lower
strength or softer aluanim alloys, it could be logically expected
that optiggg millin speeds would have a somewhat higher magnitude.
Umeevere a notable exception to such a hypothesis is presented at the
bottom of Table XV for the case of JL336-TG aluminum. Theres, it can
be deduced that the optimum milling speed for that very abrasive ,
high silicion content, cast aluminum alloy will be significantly
less than 3,700 feet/minute. Thus, it cam only be concluded that the
OPtiimsi cutting speed for milling alumism alloys will usually he an
the order of 10, 000 feet/minute.

8.3

Drilling tests were pertormed with the 20, 000 revolutions/minute
spindle on the n-t-41 as described in subsection 6.2. The test set-
up that wee used is shown in Pigure 77. bolth carbide and cobalt high
speed steel (=$) drills wer obtained for testing. however, due to
the ispresuive results obtained with the Us1 drills , it was felt at
the time that it would not be benefticial to evaluate carbide drills.
Drill sizes were limited to 1/4-inch dismiter; because special milling
machine type toolbolders (of. Figure 77) would have been required for
each different drill size, and 1/4-inch drillis were of a practical
esie.

Progress for this event went sbout as far as it oculd with a 20,000
revolutions/minute spindle. Thousands of bales were drilled throgh
1/2-inch thick &1-707"-631 plates with 1/4-inch diameter, oobalt U3S
drills at a speed of 20,000 revolutions/minuteo (1#300 feet/minutes)
and a feed of 100 inches/minute (0.0025 inch/toorth). Based an end
mill test results * it may be possible to increase both these .param-
eters eight-foldl however, faster equipment will have to be made Avail-
able to verify such a supposition.

A typical drill used in this study is shown in Figure 9.That partiou-
lar tool had just drilled 5.,347 holes through 1/2--inch thick Al-7075- .

T651 at a feed rate of 100 inches/minute and a cutting speed of 20,000
revolUtions/minute when it was photographed. As can be observed, its
corners have not broken down; and it is not badly vain. That drill
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Figure 91. Typmica Tau Drill After Producing 5,547 Hules
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which was made from cobalt high speed steel vwa a general purpose
drill made by Straight Line and having the followinq modified
ge4me1try.

Overall lengths 3-1/4 inches
]lute lengths 1-3/4 inches
point angle 8 121 degrees
Chisel e.ge angles 131 degrees
Lip relief angl•e 16 degrees
l Points Notched
Web th•ckness 1 0.035 inch
Flute flats 12 degrees positive

Feed rates were varied between 100 and 200 inches/minute in the tests
by overridiug the 1V/0 peredm, while ma a0n a cutting speed of
20,000 reo lutions/minute * A feed. rate of 200 inches/isinute may have
been sati•.factiry for drilling .l-A23S-T6, but such a feed rate pro-
duced too mauch noise and chatter when drilling Al-7075.T651. 'tat
unwe.ted result cousld possibly be overome by injoeatng sufficient
cutting fluid into the holes in time to do sm good. As it e, the
drills were in and out of the holes so fast that conventionally applied
cutting fluid never had a chance to get to the cutting none. Waven at
a feed rats of 100 inches/sinute. the drilling operation gave all the
appearance of being a punching operation. Zndeed, if it were not for
the chips produced (see Fig*u 100), one might be justified in be-
lieving that the high speed drilling operation being vwitessed war,
in fact, a punching operation. A typical specimen produced by high
speed drilling is shown in Figure 101. The drill that wee us"d to
produce the 1,408 holes n that test pieoe w indexed at 00 inhea/
minute and fed at 100 inches/ainute by an N/C program. The resulting
sight wee very Iinreesive, and indicative of high speed machining's
potential.

a.4 Tun"

Turning tests were performed an a .ullard vertical turret lathe equip-
ped with an U ,trom, Carleon C.pany (ZCCQ) high speed spindle an
shown in Figure, 70, using end mills as cutting tools. That electric
D.C. spindle which was capeble of producing 20 horsepower at 14,400
revolutions/mnute was iamund on the Dullard'& side turret, perpen-
diaular to the Bullard spindle's centerline of rotation. Cuts wee
taken with the high speed spiwile traversing downward while the
Dullard's spindle was slowly rotated. Cutting speed was altered by
varying the speed of the high speed spindle or the cutter diameter.
Chip load was altered by varying the speed of either spindle or the
number of flutes an the cutter (of. Figure 79). Principally, chip
load was altered by varying the speed of the Bullard spindle. Work-
pieces (see Figure 102) were of a cylindrical fo= and appa.imaately
24 inches outside d:3=meter by 18 inches inside diameter by 18 inch•eu
long. The Al-7075-TG and Al-6061-TG workpieces were forgings, and the
A..-A3 56-T6 workpiaces were castings. Machining par•meter tests for
turning were conducted on all three a.lloys, and the results obtained
are presented in the subsections to follow.
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N.1 67 14 SA 4061-118

FIG II. Typial Wukpitm fTvmq Ton

8.4.1 Feed Rate Qpimt~ization

As mentioned in subueqtion 8.*2.*1 f or peripheral end mill~ing, chip load
tests could not be fully accompliskied an the Oni~mil due to the limited
speed at whicb its table could be moved. Since this was no problem
for the Bullard, chip loads fox both operations were established with
the Bullard.

For all tests, standard one-inch diameter, 2-fluts, end mills were
0used. That small diamter, ccu;plsd with the maximzu 14,400 revolutions/

minute spindle speed available, Limited cuttiLnq speeds tc? 3,770 feet/
* minute. High speed steel end mills ware used for the Al-7075 and

P.1-6061 tsestse but carbide end mills had to be used for tests on the
very abrasive A356 alumirn% alloy. Axial depths of cut were maintained
at 0. 250 inch, and radia.l depths of cut were maintained as close to

* ~0.*550 inch as pracztical. Cutter geometries were modified to provide
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120 primary and 240 secondary clearance on cutter peripheries and 100

primary and 200 secondary clearance on end cutting edges. Additionally,
when the centerlines of rotation for both the cutter and workpiece
were perpendicular to each other, as was the case on the Bullard, end
cutting edge angles were ground to 00 to provide an acceptable surface
finish. On the Omnimil, it was not found necessary to grind end cut-
ting edge angles to 00; as excellent finishes were produced by moving
the cutter's axis of rotation off the workpiece centerline as indi-
cated in Figure 103. However, since the tests were conducted on the
Bullard, cutters were centered on workpiece centerlines, and the
respective end cutting edge angles were ground to 00.

WORKPIECE SA 4051-124

,-CUTTER

Figaro 103. Reommended Cutter-Werkplem Orlimaon f ot End Mill Turning

The mode of cutter wear varied with all three aluminum alloys. As
illustrated in rigure 104, cutters wore mostly on the nose when mill-
ing Al-7075-T6 (cf. Figure 86). In contrast, cutters wore very uni-
formly when milling Al-A356-T6 and mostly at the depth-of-cut line
when milling A1-6061-T6. Bearing these results in mind, feed rate
optimization test results are prebented for each alloy in Figures
105 through 107.

SA 4011-12s

AI-7075i AI-351 Ai-6061'..-.'0iv I K Typkel Werlnds Produced an End Mills by Aluminum Alleys

The optimum feed rate found for Al-606L-T6 was 0.010 inch/tooth as
shown in Figure 105. At that feed rats, cutter life reached a maxi-
mum. Cutter life was considered to be ended when the flanks of cut-
ters had worn 0.015-inch uniformly or 0.020-inch localized. Where

121 %
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two numbers axe given opposite a data point, these either signify
the unifozr and localized wear at that point or the wear for each

toot. Sme idescatercan be noted in Figure 105 for tool life.
That can be attributed to an early breakdown of the cutter at the
depth-of-cut line. If such a breakdown is allowed to progress to a
point where the cutter becomes notched, a strange event may occur.
For instance, am implied in Figure 108, the cutter, though still turn-
ing at 14,400 revolutions/minute, had ceased to function an an end mill
and was producing a continuous chip. This event was not observed
with the other aluminum alloys, so it was concluded that it was
attributable to cutter notching. In summation, the optimum feed rate
for Al-6061-T6 was shown to be 0.010 inch/tooth for either condition.

r.7G 
$A 4411 -- 1: a "

V...

-- uie IL Camtissss Chip Prsdued by End MIN Tu.Jng At 14,400 RPM
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Feed rate 4dd •ot appear to have a large offect on cutter life Woen
milling the relatively soft*, but abrasive, IS6-TO aluminum allaoy.
As shown in Figure 106, the resultant curve was relatively flats and
it in likely that cuting force will be more of an optima foed rate
criterion than cutter Life in this case. An itm of interest also
occ=rred for this event. That Lo o hen chip loads of 0.017 inch/tooth
-were investigated, feed rates of 500 inches/minute were readily
achieved. At that feed rata, metal removal rates of nearly 70 cubic
inches par a we realied. Though not an remarkable, the opti -.mmchip ltoad fre Al-L35f•A• wa found, to be a vanw good 0.01.4 inch-...

tooth.

teed rates foe Al-7075-T waee not ompletely defined in these studies.
As show in Figure 107, only me leg of the curve was established.
from that fSigur, however, it JS evidenat that Chip Loads Will not rm
am high for A1-7075-TG am they dd for Al-4061-T6 and Al-A.536-?. *That

result would be unde n bemws Al-7075-? 4 in a harder, stronger
al•.oy. oWeVe, #it VUs AZ.-•iain to note that CUtter life was m0
much longer for Al-7075-TG then the other allaoy at comparable chip
loads. For now, the otima chip loa for K1-7075-TO ham been estab-
lished as lying between 0.005 and 0.008 ia.h/tooth. and it is eAti-
mat" to be 0.008 inch/tooth.

When cutting many aloys, it is found that cutter life increases as
feed rates ar decreased. As discusmd above, this was not found to
be the came for the aluminize alloys. Far these alloys, it. was found
that cutter lives reached a mde• u at m unique feed rate value.
As a conseqm oec, it will be found that cutter life on aluminum alloys
increases up to a point as feed rates are increased. That this can
be true is shown rather amphatically in rig=re 109. Zn that figure,
Lt am be observed that chip vmlctng and, therefore, cutter breakage
was eliminated by incrasing the feed rate.

Refore concluding this subsection, the question of tooth density
limitation on cutters shauld be addressed. Mozally, aluminunm cutting
end mills are provided with only t%* flutes so that adequate chip
clearance can be provided to xmiunms chipV packing in the flutes. *At

ultra-high cutting speedso e.g., 20,000 remolutiAons/linutea, hoUeve,
it was found that 4-flute cutte presented no chip-packinq prbl•es
when maing peripheral cats (of. rig=re 75) or shallow pocketing
cuts (cf. upper slot in iagure 10M)). At those speeds, centrifugal
fcream hurl alumin.an chips away from cutters with a snd blasting affect
that virt•aily precludes any chip packing.' Such an occurrence could
pemit the use of even higher tooth densities and table feed rates.
For example, if a 0.010 nach/tooth feed rate could be maintained
with a 6-flute end mill revolving at 20,000 revolutions/alnute, then
the table feod rate could be increasd to 1,200 Lnches/minute. On
the other hand, if chips cannot escape the cutting zones e.g., in a
Slotting cut deeper than the utt•e diameter, chip packing (of. lower
slot in Figure 109) would be apt to occur. If such a problem could
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niot be corrected by increasing the chip load. then it might be neces-
sary to use a single flute cutter much an the one shown in Figure 110.
That type of cutter was prepared by partially grinding one flute off
a 2-f luteaend mill, leaving a heavy body section for strength. Such
cutters were suuccessfully usced for three high speed machining appli-
cations on the Guidance and Control *hell (cf. Figure 63).
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8.4.2 DePths Of Cut

For all1 practical purposes, optimum radia and azial depth of cut

Therefore, the results presented in Figures 91 through 93are ecr
mended for any applications ± .lving the Bladvertical turret

The4. ztinz omeedCarlmson ighap 1 pin400 had lthree/fixued thedse.

These were 3,6000, 7,200 ad1P0 eauinAius ftes
only the 14,400 seolu m/inate speed was really applicable to
high speed machining studies. This shotoming plus th tial-ead-
error methods that had to be used to set table speeds (feed rates)
and coordinate down-feeds. drastically reduced the versatility of the
Dullard V.T.L. as a test machine. SawOVer, an effort we aside to
develop a Taylor tool life Curve for hl-&35k-TS and the results ob-
tained are show in Figure 2.12. There, it cam be observed that the
data developed was not sufficient to establish a defensible curve.-
At least three data points would bave been required for that purpose. P
zwoever, the data were used to eepasmiate the most economical Cutting
speed for the very abrasivet cast alumniinu alloy, A356-'1. U sing
the oms analytical methods that vw~e used in mabseotion 8.*2.*3# it
was calculated that the most economical tool Uife and cutting spee"
for and mil1in Al-A3 56-iS under the conditions specif Led. in Figure

* 2.2. were on the order oif 72 minutes and 2#290 feet/minuta, respeotively.

The most economical cutting'speed estimated above for Pd-AS 50-TG is
such less than the 2.0,000 feet/minute matting speed that was roughly
estimated few Al-7075-TGSI end &£14061-T65i in Table V. At this time,
it is believed that most aluminum aLloys can be economically .milled
at that estimated cutting speed of, roughly, 10,000 feet/minute. It
is only for the few alumin~a alloys which have high silicton oontentsp
0-*9.t Al-A3 56, or other detrimental allaying that cutting speed re-
ductions for optimization would be anticipated.

It has been pointed out in this section that current spindle speeds
on 20 horsepower machines are not fast enough to produce "moat ecoo-
nomioel" Cutting speeds for many aluminum alloys. in the saem vein,
it has been suggested that future spindle-designs should correct that
situation. Uovever, it would do little good to increase spindle speoed
without first increasing table speeds or feed ruste. For instance,
if the optimum feed rate of 0.* 010 inch/tooth were used to peripheral ~ ..
mill Al-6061-TGSI with a 1.25-inch diameter, 4-flute, end faill turn-
inq at 20,000 revolutions/minute. a table speed of 800 inches/minute
would be required. Since a 20 horsepower machine with that capability
did not kcnowingly exist at the time, it was oconcluded that existing
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table speeds were already too slow for the high speed spindles then
available. Thus, it was furt"er noncluded that faster spindle speeds
v.ll not be needed u•t.l fasteir table speeds are provided to 0lo0e
the gap between the tw *

F-o
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9.0 TEST RESULTS - CUTTING FORCZ, HORSEPOWER,
CUTTER DEFLECTION AND PULL-OLT

9.•1 catti.c Laroeal-

A knowledge of cutting forces is needed by N/C programers, production
planners and others to help control dimensional tolerances, machine
more economically, minimize component distortion, and prevent cutter
breakage. Force knowledge is also useful to tool designers in pro-
paring holding fixturesi and it is particularly needed for those
machine tools equipped with adaptive control.

Zn this section, results showing the effect of feed rates, cutting
speds and depths of cut on cutting, feed, and thrust forces for
Al-6061-TG31 are presented.

9.1.1 Test Procedure

The setup used to perform these tests is shown in Figure 72 and din-
cussed in subsection 6.1. The warkpiecs blocks shown in that figure
measured approximately 2.25 inches thick by 12 inches square. The
blocks were drilled, counterbored and bolted to the face of the 3-axes
milling dynamomter which had been mounted in a vertical position on
the Onimil. Previously, the dynarometer had been calibrated in the
laboratory by systematically setting known weights on the three axes -
of the dynaumeter and adjusting the pean deflection produced by the
measuring and recording devices (of. Figures 73 and 74). For this
case, the pens were adjusted to deflect one centimeter for each 20
pounds of load or force. Some crose talk was noted among the three
axes when each was individually loaded; but this was minimal, varying
between I and 2 percent. After the dynamometer had been calibrated
and made a part of the Omnimil setup, the calibration was rechecked
then and from time to time. This was accomplished by electronically
placing a simulated load across the force measuring system and noting
the deflection of the oasillograph or plotter pens. If necessary, the
recording pens were readjusted to give the proper calibrationt i.e.,
deflect the proper nuber of centimeters for the simulated loads.

Having established the means fr measuring cutting forces, selected
machining parameters were established next. For this purpose, a test
matrix was prepared an illustrated in Figure 112. As shown in that
figure, axial depths of cut were varied systematically from 2.0 inches
down to 0.125 inch. For each axial depth of cut, radial depths of cut
were selected from Figure 92 to give machine loads of approximately
25, 50, 75, mnd 100 percent. Feed rates and cutting speeds were held
constant at 200 inches/minute and 20,000 revolutions/minute for those
depth of out tests. For the feed rate tests, axial and radial depths
of out were held constant at 0.750 and 0,200 inch, respectively.
Those values were chosen because they were expected to use 45 percent
of the machine load. Cutting speods were held constant at 11,000

131

"-- -•... . . . ....... * -* . .'-~ ~ ~ lt~. . E...,,*~



&A dOS81-17

AXIAL RADIAL PEED CUBIC INCH MAXIMUM HI IOT FOC F.4 SIDLE]
DEPTH DEPTH ArPm (IPI F"A MIN UTE DEPFLECTION LOA-.VLS OC
III.) 1-1. F~ - I - - ........

1.1I.DIA.. 4-FPiUhI, LII-!1..F.L, CONN

am@ LIII 301.M 1 in Is6 23 is 1 2n211 0 4.2117.64 11
* m Ln 28..BEm ni man IS ni a u mai..21a 70

LI LMM001 " a " I 11 7 77 X0 ILI1.424112 7
LM L11 nm mml 1 - I i - - - .. -
1.11 LMI 0.m1 mi Is L"62 IS 211 I2I 11 12 L"7/3, 23
1.51 LIN 31 Rim m 0 xI 47.1 0A 1 33 4 24 WA1VE.7 93
1.61 LIN3 28.13 IN AS LosI U III U m31 II 1.1/lu a
1j"1 Lill2i ME 2" 111 N --

IAN L M ISS liS 14 LI IS 231 17 14 14 81/7 46
I.81 LINI UAW1 IN. 32 LIII au1 21 41 43 31 8.11/13,01 a
IA06 N L IL m a.3" 73 111 U17423 IUVILSI 71

20m IAN MU4 20m m1 a.07 IN
VIE LM M2 as.12 33 31681111 BE m3 is42a1n.821121 74
0.781 L341 2MENm 11 LI 73 111 41Is2IS17.22131 a

Law 6 .141 20.000 M 14 LII3 23 m1 1111If11 3.1/1.1 3
M11 L= MEN 20 36 316 a 201 20 s7 is 1112/12.1 37

0.11 LOU1 20,1 no. 1a 71 m0 4407414 14.82/14 75

UN fiN 20512 17.5 LINE1 27. n II Is31 IsU1rr.4 78
WE10.7 236121 mom m I 21 131 Is 3I11.42A127 3a

6.23 tin3 Itm. 73 m3 - 7224 MU2"2.2 73
UN m I 1.8318 2ll - InI m3
VUA L20 -11.1111 T1 LIO ..... F. 3 24 - -2 7,14/1111A -
LM73 LINI sMm IN. -M a.6 in 3N 201 Ii WL If"/. 3
VI7110. MAN I41141, - M6 41 177 31 54 123./7.1, 37

i~ ~L2 LUO WONI 2- 14 i .6l8l i
112 .1 -I - 13 8 LI1

0.- 3.064 20001 In 64a 1

11- 1 A..3 i-P LITI, 2.11-IN. PA-. C.NU-[ .7103 0210111.3211 mos Is 212313U 13 IAP31. 3
0.76011LIVE 1110011 a3 25ff 24 4131 If 21 13 LIn/= 0
LIN211.103 20.IhBE -14 i U u n11 24If 34ImuI 41
VU11 '(212 ,411 In,1 _ LOU W 113L4 3 -X 1 -4.1161

VU.7 UN1 11,0 in - LOSS IS 134.1 X 17 4 1.5I aI
0.I1UN 11,1 ME I - LMI I4S 41 Ir -i 3 2.2/U is
LM71 L2111 1tm in - La SEA 13U. -I 221 1/4

VU.718 323 II'm in - 3.01 17 13U. 04 3Uf~l I

0.71 0.230 11,066 111 L 0118 73 13U. 711/10.3 67

MATERIAL: M01-TUl

PIg., 112. Mettx fir Cuffing Par.. Tauu - Cuttin Pug and Piwer Oam



revolulions/minute for the toed rate tests to permit a more practical
range of feedsi while- god rate itself was varied from 20 to 200
inches/minute or from 0.001 to 0.009 inch/tooth. Finally, cutting
speeds were varied from a lowest possible 10,800 to a highest possible
20,000 revolutions/minute, and feed rates were varied from 110 to 200
Lnches/minute to maintain a constant chip load, in determining the
effect of cutting speed on cutting force. Axial and radial depths of
cut were again held constant at 0.730 a&d 0.200 inch, respectively.
While force tosts were performed with other pearmeters, the onesa
listed in Figrure 112 served as a nucleus for the cutting force tests.

As shown in ?igue 112, most of th& cuts were made with 1.25-inch diam-
star, 4-flute, 4-percent cobalt high speed steel end mills. The only
exceptions were made for the feed rate tests and for thome radial
depth of cut tests that exceeded 1.200 inches. For the feed rate
tests, 1.25-inch diameter, 2-flute, 4-percent cchaý.t high speed steel,
and mills were usesd while 2.0-inch dismetar cutters were used for
the deeper radial depth of out testa. Cutters of l..5-iinch diameter
wore selected for testing purposes because balancing was generally
not a problem for cutters this size and under. Additionpily, these
cutters were of a practical size, offering good strength, fair chip
clearance, and moderately high cutting velocities. The 2-flute cutters
were used to obtain hiqher chip loads, and the 4-flute end mills were
selected for theiz greater section modulus and breaking strength.
Additionally, all outo were made in the climb milling mode.

After setting selected axial and radial depths of cut, fGeds and
slMgeds on the Omnimil which had also been previovsly calibrated, buth
the milliny machine and oscillograph were activated and force record-
ings were made from the beginning to the end of the cut. The force
recordinqs were inked on graph paper by the X-Y plotters shown in
Figure 74 because the printer on the galvanomester-type osoillograph

mbown in Figure 73 proved to be too noisy. Readings from the record-
ingq were made after the force traces had stabilized. This procedure
was repeated for each combination of cut depth, speed and feed listed
in Figure 112 plus a few supplementary combinations.

9.1.2 Force Measurements

Along with the depth of out tests reported in subsection 8.2.2, cutting
foroce tets were conducted on Al-606l-T651 in particular, using the
test procedures described above. The forces measured are exemplified
in Figure 113. These are the cutting force (Fr), which in this case
is directed parallel with the Z-axis of the Omnimil, the feed forc""
(rf), the thrust foz'ce (Ft), and tha rusultant force (R). For simplicity,
the force diagram was constructed at the aft end of the cutter instead
of the cutting end. In compliance with the typo of cuts made in
these tests, the diagram shown in Figure 113 is representative of
peripheral milling in t14e clinb mode.
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RADIAL S 0 -DEPTH DIRECTION OF I
OF CUT CUTTER ROTATION

DPTH

y IOMNIMIL AXIS
z (RIPERINCE)

Fr~e~ AND R F ORCES EXERTED ON WORKNIECI IV CUTTER

Pipre I1I. Cmti" pere OhuaM for ClIMA MWuq

The f rce rw-Ato obtained on Al-4061-TS51 with relatively sharp cut-
tenarseT presented i~n rirTwes U.4 tbraugh U.9. ]Ucept for the results
snhown !a Figuire US5, most of the plots were orderly and emipirical

*equations were developed by linear regression for most from the data.
The plot in Fiqlurs US1 was correctod by working backwards from the
spindle horsepowers retioxled for the "oeed shown. Thorse for which
extrapolations were made were in obvious error, because the cor-
respondinig cuttitng forces indicated higher cuttinq hotrsepowers than
spindle horsepowars, an i.upossibi2.ity. Frae results for tie other
two axes (of. F Tlure 118) support that cormeative procedure. In v.=-
mation, the eff ect of lCeed 'rates on cutter forces are qi~en in Figirea
114 and 1171 the effect of cratting speeds on cutter forces are given
in Figureh 115 and 118, end the effects of cut depths on cutter forces
are given in fl gures 116 and 119.

9.1.3 General Observations 01A (Zutter orges

Based on data presented in Figures U1S and 118, cutter ftcres do not
appear to be infl~aenced by cutti~ng zpeeods varying betwean,3,500 feet/
minute and 7,000 feet/minute.

% Feed rates and out depths have a sig-Aificant effect on~ cutter forces..
Hlowever, the effect of radial depths on cut.ter forces decrease as axial
depths decrease.
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SA 4091-1I28
120

CUTTER: I.25-IN. DIA., 2-FLUtE, 2-IN. F.L.. CONSS, ENO MILL
CUTTING SPEED: 3,600 FEETIMINUTE
FEED: AISHOWN

100 -CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)
CLIMB MILLING
RAOIALDEPTH: 0.2001t1C1

~ a AXIALODEPTH-: 0.750 N'CH..

15 -1 4 1

FEED (INCH/TOOTH x 10-3)

Figure 114. Effect of Food Rate an Cutting Foroofer Al-6081-TIBI Aluminum

126SA 4011-129
PTCUTTER: 1.5IN.NA., 4-F LUTE. 2.5-IN. F.L., CoNSS, IND MILLa CUTTINOSPEED: ASSHOWN

10 _FE.E:O~.Q.0a2kNCI4/T~qTH
RADIAL DEPTH: 0.200 INCH

. AXI' L DEPTH: 0.750 INCH v
CUTTING FLUID: WATER SOLUBLE OIL, MIST (1:30Y:

ou -CLIME MILLING

t0 ~01
40 - - -

a ACCEPTABLE
-0 - - INCORRECT

K x EXTRAPOLATED

CUTTING SPEED 11,000 FEET/MINUTE)

Flgure 11L. Effeco of Cutting Speed on Cutting Focceftw Al-l051-TI51 Alumtinum
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SA 4081k-131
00CUTTER: 1.25'-IN. OIA., 2-FLUTE. 2-IN. F.L.. CoHSS, END M'ILL

CUTTING SPEED: 3,500 FEET/MINUTE
* ~FEED: AS SHOWN

80 -CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30)1
CLIMB MILLING .*

RADIAL DEPTH: 0.200 INCH
30AXIAL DEPTH: 0.710 INCH

F, N OIL2dR + 1.22

20
"-Ft 4537.4 dn - 0.6

0 2 4 11 101 12 13 14
FEED (INCHIjTOOTH x 1-

Flinn 117. 1ff..: of Food Rate on Peed mod Thrust Force for 6061 -T8ll Aluminum

SA 401 -k 3
CUTTER, 1.21-IN. DIA:, 4-FLUTiE,2-iN. F.L..CoNS!.ENO'MILL
CUTTING SPEED: AS SHOWN
FEED:, GAUZE INCH/ToOTH

80 CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30
CLIME CUTTING

*RADIAL DEPTH: 0.200 INCH
AXIAL OKEPTH: 0.710 INCH - -

0 1 2 3 4E - -

CUTTING SPEED (FEET/MINUTE x 1031

Pigwe 118. Eff.. of Catting Seased an Peed sod Thrust Porce for 50611-Ti~llAumiwmm
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Generally, the cutting force component (F_) was less than the feed
force component (Ff) for machine loads unaer 25%. However, at some
machine load value between 25 and 50 percent, this trend reversed;
and the cutting force component became dominant. As machine loads
were further increased, so did the domination of the cutting force
component.

Most of the plots in Figures 116 and 119 are based on three data
* - points. These data points are representative of machine loads of

approximately 25, 50, and 75 percent. From these data, it was deduced
that the Bryant high speed spindle should not be used for applications
requiring more than approximately 90 pounds of cutting force; i.e.,
a 75-percent machine load. While it is not expected that a 100-pound
force would break a cutter or damage a part or machine tool, it is
likely that such a force would trigger protective interlocks and
shut down the machine.

9.2 Horsepower

Since a part should never be put on a machine tool that does not have
the power to produce it, a knowledge of horsepower requirements is
needed by machine loading groups in particular. Horsepower require-
ments can be controlled sino these are functions of cutting speeds,
feods, depths of cut, cutter geometry, cutting fluids and other
machining parameters. Thus, a knowledge of the effect that each of
these has on horsepower is needed by N/C programers and production
planners to help design a machining operation so that it can stay
within machine power limitations. High speed machining introduces
another need for horsepower knowledge. That is, all things being
equal, horsepower will increase linearly with cutting speedi and a
high horsepower spindle may be required for high speed machining.
Thus, a knowledge of horsepower demands is also needed by spindle de-
signers to help build adequately powered, high speed spindles.

Horsepower is usually expressed in teo=s of spindle (input) horse-
power or cutter (output) horsepower. Spindle horsepower is generally
determined with a wattmeter, and cutter horsepower is usually deter-
mined with a dynamometer. of the two, cutter horsepower is more
difficult to measure. Additionally, cutter horsepower will always
be less than its corresponding spindle horsepower because of the
transmission, frictional and thermal losses sustained in just driving
the spindle. The ratio between the two is a measure of a spindle's
efficiency.

in this section, results showing the effect of depths of cut on
spindle horsepower requirements for Al-7075-T651, AX-6061-T651, and
AI-A356-T6 are pr'esented. Additionally, results showing the effect
of feed rates and cutting speeds on spindle horsepower requirements
"for Al-7075-T651 and Al-6061-T651 axe given. Finally, results show-
ing the effect of feed rates, cutting speeds, and depths of cut on
cutter horsepower requirements are presented for Al-6061-T651.
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9.2.1 Test Procedure

Spindle horsepowers rar@ det•.eined by measuring machine loads and
cutting speeds for all of the tests indicated in Figures 91, 92, 93,
and 112 plus those from a few supplementary tsst•. 'Theme data were
then aonverted to horepowers with the aid of foz••lao described in
subsection 6.1 or the nomograph shown in Figi•r 71.

Cutter horsepower were calculated from the cutting foroe (rc) and
cutting spaed data cotauined in Figures 112, 114 through 119. The
fai.Ala used fr thlet purpose vws also presented in subsection 6. "1.

Unit pow equirn s we deotemzined for both spindln and cutter
horsepower. This was aacmipshed by dividing each horsepower value
by its corresponding metal removal rate value in cubic inches/Iminuts.

Spindle efficiencies were datem•ined by dividing each cutter horse-
power value by its correspomding spindle bormepower value.

9.2.2 rsevower 14tsurmmts

Using the procedures described above, spindle horsepower was deter-
mined for ll three aluminum alloys end cutter horsepower was de-
tamined for &Il-6dl--TG31. The results obtained are shown in i.guzes
120 through 1216. While most of the plots were orderly, some incon-
sisuency was noted amug the spindle efficiency plots contained in
Figures 120 through 122 and Figure 125.

The effect of f•ed rates on horsepowe are given in Figures 120 and
123 for Al-6061-T653 and Al-7075-T651, respectively. The effect of
cutting speads an horsepow• e requimaeants for the sam materials are
show in Figures 121 and 124. For convenience, •piical equations
were developed from and saperinposed on these plots. The abbrevia-
tions used in the equations are defined as followsn

, spindle horsepower
upcutter hoar epower "

f ,, feed (inch/tooth)
V a cutting speed (feet/minute)

The effect of depths of cut on hosepower requirements are presented
in Figure 122 for Al-6061-T651•. Frigu 125 for Al-7075-6351, and
rigure 126 for Al-43 56-TL. Fina.ly, the iffect of aluminu alloys
an horsepower requirments are shown in Figure 1271 and the eaffect of
carbide cutters on horsepower requirements we presented in Figure
"123 for A1-7075-T651.

A summary of horsepower and metal removal rate data obtained for Al-
6061-T•SI at different machine load percentages is presented In Table
VZ. Also included in this table are the unit horsepower and spindle
efficiency results.
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SA 40BI -13

30CUTTER: 1.21-INt CIA., 2-FLUTE. 2-IN. P.L., CGHES. END MILL
CUTTING SPEED: 3,.00 FEET/MINUTEF
PEED: AS SHOWN I

25 CLIMB MILLING -1--- - - --

RADIAL DEPTH: 0.200 INCH
AXIAL DEPTH: 0.710 INCH

20CUTTING FLUID: WATER SOLUBLE OIL MIST (1:30).-

20'- - ,- - - --

*~~FE FEED:rOT 0.12 INCITOTH{

20 CUTTING FLUIED: WATE SHOLULWNMIT¶31 .

nC- CLM MILLIN

1-P 0.0P17 + 0.401V6 .

CUTTING SPEED (1.000 FEET/MINUTE)
PIper 121. l~ou of Cutting Spied an Spiedle end Cumta Hnrpewu fur Al41-Tll-Tll Aluminum
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SA 4081-1 38

OF~ mpg466A It +L7

CUTTEn. 1.21-1111 DIA.,4-FLUTI .1-IN. F-.L..

CUTTING VPIED: kODA FIETJMINUTE
r PEED: AS SHOWN

AXIAL DEPTH: 0.750 IN.

CUTTING FLUED: ASTE SHOWNOI IS 1:0

PEED: GNCllOT xNCH0T-OT

iiCUTTING SPLII: WATE SHOLULWINIS 13

n CUTING CUI:WTTIN SOLEED OPLTMINSTE 0:
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TABLE V1 SUMMAP OF HORSEPOWIR AND MEA.L REMOVA.L RATE
DATA DEVELOPED FROM END M~ILLING TESTS ON
6061-TS51 ALUZHWW

AXW.1 Radta2. m~etal orepwe Ca. Ind Spindle
~~J Feed Removl.

Cut~ in1:(z 114K (Z32M) Rate Spindle Cutter Spindle Cutter (ts)

2.00 0.040 20,200 20 1.6 7.5 4.2 2.12 3.80 56
1.50 0.050 15 6.7 2.2 2.23 6.82 33

*1.00 0.070 14 7.0 2.8 2.00 5.00 40
* 0.75 0.090 14 6.7 2.4 2.01 5.60 39
* 0.50 0.140 14 6.2 3.2 2.26 4.38 52
* 025 0.350 177.4 5.6 2.36 3.13 76

* - -.- -. 0% Load
** 2.00 0.080 3 7 14.8 10.4 2.16 3.07 70

* 1.50 0.100 3 12.6 8.0 2.35 3.75 63
* 1.00 0.160 32 13.1 8.6 2.44 3.72 66
* 0.75 0.220 33 1.3.5 10.0 2.44 3.30 74
* 0.50 0.350 35 13.2 11.4 2.65 3.07 86
o 0.25 0.7751 39 _3.7 3U1.4 2.85 3 42 8

2.001048 213 16.4 2.26 2.92 77
1.00.5 45 183 12.6 2.46 3.57 69

* 1.00 0.250 50 3.9.7 14.8 2.54 3.36 75
* 0.75 0.340 51 19.7 17.2 2.59 2.97 87
* 0.50 0.550 55 19.4 14.6 2.84 3.72 76
* 0.25 1.200 60 21.3 14.8 2.82 4.05 69
* ~0.125 2.165 54 -

0* 0.12511.800 20,200 200 45 15.6 6.4 3.46 8.44 41.

Overall Avsrags 2.49 4.32 63

*:1.25.inch diameter, 4-flute, 2.5-inch flute length, cobalt 1188, end mill1
1.]9-inch dtmataex, 2-flute, 2-inch flute length, cobalt USS, end mill1

9.*2.*3 GEner&) Observatlong on Haruepowar 14eAsurments

Based an results shown in Table V1, the mexz~m- metal removul rate
th'at can be obtained an a continuous duty cycle basis with the Bryant
20 horsepower, high "aed spindle in approximately 33 mibic 'inches/
Minute.
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In Figures 121 and 124, it can be observed that horsepower require-
ments increase with cutting speeds. Since horsepower is the r.roduct
of cutting force and cutting velocity and cutting forces were not
effected by cutting speeds, that is a logical result.

According to the spindle horsepower equation given in Figure 121, a
170-horsepower spindle motor would be required to make the same cut at
100,000 feet/minute.

The spindle horsepower equation given in Figure 122 for 1.0-inch axial
depths infers that a 37 horsepower spindle motor would be required to
make a 1.0-inch deep slotting cut with a 1.0-inch diameter cutter. If
it were desired to make this cut at a 50-percent duty cycle, a 75
horsepower spindle motor would be required.

A comparison of Figures 120 and 123 shows that AI-7075-T651 is much
more feed rate sensitive than Al-6061-T651.

Results shown in Table V1 indicate that approximately 2.5 cubic inches
of Al-6061-T651 can be milled per minute for each unit of cpinCle horne-
power that is available.

9.3 Cutter Dseflection

Cutter deflection data are needed by N/C programmers to help maintain
dimensional tolerances. Generally, one or more floating cuts are in-
cluded in an N/C program to correct for cutter deflection induced tol-
erance errors. When the number of floating cuts provided are insuffi-
cient, a new program generally has to be made; and that is costly. On
the otherhand, if the number of floating cuts provided is excessive,
the N/C machine will loaf a part of the timei and that, too, is costly.
Thus, cutter deflection data are needed to help reduce machining costs
as well as maintain dimensional tolerances.

In this section, results showing the effect of fecd rates, cutting
speeds, and dephs of cut on cutter deflection are qiven for Al-6061-
T651. Additionally, results showing the effect of depths of cut on
cutter deflection for Al-7075-T651 and Al-A356-T6 are presented.

9.3.1 Test Procedure

The experimental setup used in performing these tests is shown in Fig-
ure 72 and discussed in subsection 6.1. Since these tests were con-
ducted in conjunction with the optimum depth of cut (cf. subsection
8.2.2) and cutting force (cf. subsection 9.1) tests, the same end mills
and test blocks used in thse investigations were also used in this
study. However, to show the effect that flute length has on cutter
deflection, some additional tests were rarformed with 4-inch flute
length, 1.25-inch diameter cutters.
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After a paxs had been made across one of the 12-inch test blocks (see
Figure 72) in the above referenced tests, the cutter was brouqht back
to the end of the test block and allowed to dwell in the cut until it
reached an undoflected position. The end mill was then worked back
and forth a fraction of an inch to produce a mall, undeflected flat on
the machined sur face. Cutter deflection was then determined by measur-
ing the height of the resulting step with a depth gage micrometer.
The deflection :measurmet1 were made at the bottom of the axial depth
of cut and were, therefore, representative of maximum cutter deflections.

As before, these tests wave pergormd with relatively sharp cutters,
using peipheazl milling in the climb mode.

9.*3.2 Cutter Deflection Messrmants

The cutter deflection measurn ,nts obts~ned with the above described
procedure are presentl d in Figures 129 tbrough 133. The curve fit in
these plots,* while not as good as before, was adequate for the most
part. A notable exception to that oboear-ation is shown in Figure 130
for the case of cutting spee" versus cutter deflection. I n that plot,
no definite trend -das estab~lshed. Hlowever, when an extrapolated value
was obtained for a utting speed of 3,600 feet/minute and a 0.0025
inch/tooth feed rate with the fomu.la in Figure 129, the curve in Figure
130 took an a zero elope-.ooki, an shown. If that procedure can be
accepted, then it can be concluded that cutting speed has little effect
an cutter defluction uiver the range tested. It is believed that much
of the scatter shown in Figure 130 an be attributed to vibrations in-
duced at resonant frequencies.

As mentioned, the effect of feed "rates n cutter deflection are given
in Figure 129 for Al-4061-TS1, wad the affect of cutting speeds on
cutter deflection are indicated in Figure 130 for the me material.
The effect of depths of cut -an cutter deflection* are presented in Fig-
ure 131 for Al-6061-T651, Vigure 132 for Al-7073-T63l, and Fiqure 133
for hl-A335-TS. Tha fterma2as t~evelaped from and superimposed on those
p2.Qtv were estak'linhod ata~tist. -ally with linear regression.

9.3.3 General Observmtions on Cutter DeOllections

While no direct ccoqparixon can be made, it does not appear from these
data that high cutting speeds have any detrimental effeact on cutter
deflection. Cutter deflections of 0.006 inch and 0.006 inch are com-
mon at conventional cutting speedas.

Cutter deflection increases significantly as flute lengths are in-
creased. Increasing the flute length of a 1.25-inch diameter end
mill from 2.0 inches to 4.*0 inches can increase cutter deflecticais as
much as fourfold.

Cutter deflection was observed to be quite sensitive to feed rate
changes. As shown in Figure 129, cutter deflection increased or de-
creased almost identically with food rate.
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9.4 Cutter Pullout

in an end milling operation, a cutter, by design, will try to pull out
of its toolholder. If unable to do that, the cutter will try to pull
the toolhclder out of the spindle. If unable to do that,* the cutter
will try to pull the spindle out of its housing. The magnitude of the
pull appears to increase specifically with feed rates, cut depths, cut-

S. ter helix angles and, to some extent, cutting speed or, in general,
with machine leads. If the Load becomes high enough, smething has to
give. Cenerally, it will he nothing more than the axial depth of cut
increasing, rezderinq. the part out of tolerance. in extreme cases, a
part may be sucked into the cutter and ruinedi or the spindle shaft or
bearings may became damaged. While such results occur for conventional
mill.zq as well as high speed milling, theme are more critical for the
letter. For instance, if a spindle is turning at 20,000 revolutions/
minute and a heavy pull is induced on its shaft, there will be a tendency
to pull the bearings apart. %ven if the bearings are only stretched
rather than pulled patert excessive heat may be generated at that speed
which, if not the applied load, may warp the shaft, bearing races, at
cetera, rendering the spindle out-of-balance and, essentiall7, inoperable.
Such a result occurred twice during this program. Any future reoccur-
rences of this result could, probably, best be alleviated by redesigning
the spindle; e.g., adding thr4st or hydraulic preload bearings at the
forward Journal. Nowever, to help alleviate reoccurrences of the above
result for now and to help .aintain dimensional tolerances, this test
program was initiated to establish the effect of cut geometry on cutter

Zn this sections results showing the effect of feed rate and radial
depths on axial depth growth (cutter pullout) are presented for Al-
6061-Tes,.

9.4.1 Test Procedur-

The experimental setup used in performing these tests is shown in Figure
72.* These tests ware performed simultaneously with the cutting foarce
tests (of. subsection %.1) and cutter deflection tests (cf. subaection
9.3). Consequently, the same end mills, test blocks And parameters used
in those tests were also used in this investigation. Likewise, relatively
sharp cutters were used to make peripheral end milling outs in the
climb made.

After a pass was made across one of the 12-inch test blockr ohown in
Figure 72, the true axial depth of cut was dete.raLned by measurement
with a depth gage micrometer. The difference between that measure-
ment and the original setting was the measure of cutter pullout.
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9.4.2 Cutter Pullout Masurments

The cutter pullout measurements obtained with the above described
procCedae are plotted in Figure 134. The curve fit for the two
plots was considered to be satisfactory.

As shown in Figure 134 (a), cutter pullout appeared to peak at a
machine load of app!oxIZately 75% when cut depths were varied. in
am•1:,--wt the4 foodras cv iFn igure 134 (b) did not exzhibit any
peeking tandenoys and its sLoap indicated that feed rate haa a =are
pronounced effect an cutter pullout than radial depth of cut.

The results of Figure 134(b) also impl.y that optimmn feed rates
(of. Figure 105) woul overload the existing Omniuil high speed
spindle (of. Figure 62) and would tend to pull its bearings aat
Based on thosw observations, it was owncluded that awre powerful
and rugged spindle motors vere needed for high speed machining.

As mentioned in subsecftion 6.5, faster spindle speeds will not
be ne~eded until faster table speeds axe provided. However, faster
table speeds may not be us'abe until more powerful and rugged spindle
motors are providied.. Por these reasons, it was further concluded
that future developmental efforts for high speed machining equipi-
ient should be accomplished In the following order of prioritys

4. Nor powerful and rugged spindle motors
b. Fater table speeds

o* Faster spindle speeds.
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10.0 TEST RESULTS -SURFAC FS•aR
AND RESZIDUAL STRESSIq

,,10 1.i

before using a.y new manufacturing process, it is usually necessary to
detem•ine what effect, if any, it has an p ar qtLalty. Zn the preced-
Lug section, it was shown that cutter deflection on al .umnuiz was no
worse at high cutting speeds tism it was at conventional cutting speeds.
Yro that result and' subsequent machining studies on Guidance and Con-
trol shells (cf. figure 63), it was concluded that high speed machin-
in; was not detrimental to machining tolerances.* That observation,
coupled with ines which showed that almiinum parts stayed cooler and
were subjected to lower cutter forces during high speed machining op-
erations than cgvuimAmachini~ng operations, signified that part
aaccracy may be enhanced by high speed machining. Zn this section,
the effect that high speed -mahining has an surface finish and residual
stress generation wms investigated to further evaluate the process'
effect on part quality.

10.2 Surfac ?&aish

Practically every machiued part is given a aximum permissible surface
finish or roughness value. This is done to improa'e the wear, per-for-
mance or appearance of the pert . Along with di•en,.ional tolerance,
this Important. property determines what the machining par~estars will
be far finishing auft. Generally, surface finishes will improve with
c-ttLq speed increases or feed rate reductions. for that reason, it
was expected that high speed machining would be especially beneficial
for surf ace finishes, and tests were performed to substantiate that

* conclusion.

In this section, results showing the effect of cutting speed and feed
rate on surface finish are presented for Al-7073-T65., Al-6061-T651,
and AlI-A35G-T6.

.10.2.1 Test Procedure .

The equipment used to perform these tests is shown in Figure 72. That
setup was modified for the surface finish tests in that the dyneamometer
and test block were replaced with the visa shown on top of the angle
block. The angle block was than rotated 90 degrees so that the visa
would be parallel (facing the reader) to the cutter axis . After clamp-
inv a 2.0- by 2.0- by 2.0-inch test block in the vise and squaring it,
A conventional Milling cut was made, using a prescribed cutting speed
and feed rate, a 0.050-inch radial depth and a 2.0-inch avAl depth of
out.- Atear a series of peripheral milling operations -had been performed
in that manner, the blocks (sea figure 135) were taken to Inspection,
where, surface finish measurnmen•s were made with a Taylor-•obson,
Surtranic 2, profilometer.

138

a:. .:



1591



The cutter used irk these tests was a 2. 0-inch diameter, 2-flute, 2.S-
inch flute longtho, 4-percent cobalt, high speed steel end mill. That
size cutter was used so that cutting speeds to 10,000 feet/miLnute
c01ld be obtained.

-I To obtain the rang* of cutting speeds desired, tests had to be run on
two emiuils. 'A standard Omnimil was used to obtain cutting speeds
under 2,000 feet/minute, and the modified 0mimil (of. %Piqure 62) was
used to obtain cutting speeds over 5 * 000 feet/minuta. The cutting
speed gap between 2,000 and 5,600 feet/minute could not be filled with
c~arable equipment. A-

* Freed rate selections were limited to a maximm of 0.*005 inch/tooth on '
the 0=imi1. Add4.tionAl tests were run at a feed rate of 0.0028 inch/ .'ý

tooth for ocwa!ýertive purposes.

1022Surface Finish KeesurjMMnt&

Using the above d~sartbed procedures, surf ace finishes foz all three
alloys were measured over a wide range of cutting speeds for two dif-
ferent feed rates.*Naurnt were made both perpendicular end
parallel to the direction of lay (see Figure 136).* The results obtained
are presented in Figures 1.37 through 139.* The numerals opposite some
of the data points in those figures indicate the number of times that
test result was obtainied. %Ue curve fit was riot very good in the plotav
therefore, scatter bends were drawn instead of curves for most of the
Cases.

SA 4681-460

ROUIHNMLAY DIRECTON

-ROUGN988 - IOUGHMUIS-WID1H CUITOFF
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10.2.3 General Observations on Surface Finish Neasurements

All of the surface finish values shown in Figures 137 through 139 are
good;i and some w tmuc bette t expected. Zn particular, thesurface fi~n.ishes obtained atlo 4ic tti•ng speeds in theo perpendicl=•ar-"'
to-lay directi•on fa exceeded expecttons. Only thoe" shown in rigure:.,',
139 came near wn tcl1owi =. expected trend. All of the other surf ace

finishes produced at converalonal speeds were as good as those pro-
duced at high speeds. No good explanation can be offered for such an
uncharacteristic result at this.- time.

Another unusu.1l result conce.ns itself with the direction of measure-
muat. For instance, it appears fon Figure 136 that a rougher surface
reading would be obtained in a direction perpendicular to the lay than
parallel to it. lovevar# the oposite result was found for all cases
in this investisfation. Againj no good ex~lanatizn can be off axed fez
such an unexpected result at this time.

Overall, a feed rate a 0.0025 inch/tooth produced better surface
finishes than a 0.005 inch/tooth feed rate. nowever, the margin of
superiority was hardly discernible and unworthy of any production L.-
sacrifices. For now, a feed rate of 0.005 inch/tooth can be recu,-
mended for finishing cuts on alumnLni. That figure will probably be
raised when faster table speeds with which to investigate it become
available.

This investi•ag#on did not do what was expected of it. That iss, it
did not prove conclusively that high speed machining would improve
surface finishes. However, it did prov that high speed , .chining
WAS not detrimental to and could produce outstanding surface finishes.

10.3 Residual SMr"2s

Whenever a machining cut is made, a surface layer is produced on the
workpiece that is different from the parent metal. This surface layer
may be shallo or deep, depending upon the severity or abusiveness of
the mac•,,inq operation. Such a surface layer can be seen If a
photamictrograph in made of it. In the photomicrograph, tha surface
layer appears to consist of several compresmed rom of the metal's
grains or crystals, indicating that plastic defomratiim ham occurred
in the layer. As a result of th,"plastic deformation, the layer is
more highly stressed than the parent mtal u and since the stresses
were left by the machining operation, theme. are called residual stresses.

Residual stresses can be beneficial or detrimental. A sall amount of
*m;,essive stress can increase the fatigue strength of a cqmponent,

and parts are frequently shot peened or cold worked for that purpose.
If overdone, however, residual. stresses can warp or distort a workpiece
and detrimentally affect its stress corrosion, fatigue strength and
other mechanical or physical properties.
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Abusive mach~ining operations are generally the type which produce the
most plastic deformation and heat and, thus, the qreatest change in
the surface layer. Consequently, abusive machining is the type which
is most likely to generate excessive residual stresses and the type to

I - be avoided. This can best be dones by using more gentle machining
practices.

It is evident from the above discussion that the machining method or
parameters selected to produce a component can have an important effect
on its quality. High speed machining could easily have been considered
abusive; therefore# this study was initi~ated to determine its effect on

* residual stress generation.

in this section, results showing the effect of cutting speed on
residual stress are presentad for Al-7075-TESl, Al-6061-T651, and
Al-A3 56-T6.

10.3.1 Test Procedure

The same setup used for the surface finish tests (see subsection 10.*2.1)
* ~was used to machine specimens for the residual stress tests.* Even the

same 2.0-inch diameter, 2-flute, 2.5-inch flute length, 4-percent
cobalt, high speed steel end mill was used.

The teat blacks for this study measured 1.0-inch thick by 2.0 inches
square. In all, 24 test blocks from three different aluminum alloys
were machined at four different cutting speeds. From these, two
residual stress test specimens were produced for each alloy and cutting
speed combination. For clarity, the combinations and number of test
specimens fabricated for each are given as follows:

Cutting Speed Numeber of Test Specimens
(ft/mmj) Al-7075-T651 Al-6061-TGS1 PJ.-A356-TtS

1,000 2 2 2
4,000 2 2 2
7,000 2 2 2

10,000 2 2 2

A test speciman was prepared by first clamping it in the vise and squax-
inq it, as before. Three conventional milling cuts wore then made
across the 2.0-inch square face of the specimen at a radial depth of
0.050 inch, an axial depth of 2.0 inches, a feed rate of 0.005 inch/
tooth, and at one of the prescribed cutting speeds. Upon completing
the milling cuts, the specimen was carefully removed from the vise so
as not to scratch the milled surface. The specimen was then cleansed

* ~and protectively covered with masking taps.

All 24 of the residual stress test specimens were prepared in the above
manner. These were subsequently packaged and delivered to Metcut Re-
search Associates. Incorporated. Metcut had been subcontracted to
measure the residual stresses in the test specimens with techniques it
had perfected.
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The method used by Metaut to measure residual stresses utilized an x-
ray diffraction technique recmsened by the Society of Automotive
Engineers (SAS). The specific technique mployed differed fro the
more comn SAM technique in two respects. First, the diffraction peak
used for stress measurement was located using a five-point parabolic
regression procedure rather than the three-point algebraic procedure
more comonly tsed. Second, the intensities measured at each of the
five points were corrected for the background intensity. These modifi- --

cations Improved the repeatability of stress measur.ents l Except f or
these =ndifications, the technique uased was identical to that described
in the SAX publications "Residu&l L•tres Measurement by X-ray Diffraction",
SAM X76"a. Details of the technique and diffractaeter fixturing are
outJ~ed below:

Diffraotionpeaks (331)

incident bemin divergence: 3.0 degrees
Detection slit: 0.5 and 0.7 degrees
counts per pooint 40,000, 100,000 and 200,000
besm miset 0.25 z 0.4 inch
&/(l+v)s 8.83 z 106 psi

The value of the elastic property 3/Cl+v) in the direction noxmal to
the (331) planes was dtemined previously by calibration for 7075
aluminum alloy. The detarmination of the elastic proerties for the
A354 and - 061 alloys we beyond the scope of this project.

Residual strams surinenkU were sade at the surface and at four levels
blow the surface on me of each kind of ample. The exact depths
below the surface at which neasurane were made are given with the '"
stress data in Table VIZ. Material wes remved for the subsurface
measurAents; by elezopolishing the measurement area in a nitric acid
ethanol solution to minimise the effects of material removal upon the
existing subsurface tresses.. The determinations were made at a point
near the center of the milled face of the block in a direction parallel
to the milling lay.

10.3.2 Resaidal Stress MeaUrm•enWts

Using the above described procedures, residual stress measurements
were made for a.U three alloys at four different cutting speeds. The
results are given in Table V=Z; where each sample was coded with a
omple nwmber specifying the sampleI alloy -and the milling speed used
to finish the sample. Compressive st:eses ace reported as negative
values. All data were corrected for the effect of the penetration of
the radiation into the subsurface stress gradient and for stress relaxa-
tion caused by layer removal, using a digital computer.
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TABLE VII - RESIDUAL STRESS KE&SURENENTS

Depth Residual Stress Depth Residual Stress
"Sample No. (in.) (ksi) Sample No. (in.) (x 103 psi,

A-356-1X Surface 23.2 A-356-4K Surface 26.3
0.0008 -17.0 0.0008 3.4I 0.0015 0.9 0.0015 1.0
0.0050 11.7 0.0031 16.7
0.0064 5.3 0,0070 6.5

A-356-7K Surface 7.6 A-356-10K Surface I.7.3
0.0008 -1.9 0.0008 9.1
0.0015 -3.4 0.0017 -3.5
0.0032 -5.4 0.0035 -3.9
0.0075 0.4 0.0062 1.0

6061-1K Surface 10.4 6061-4K Surface 15.4
0.0009 10.4 0.0009 -0.5
0.0018 1.0 0.0019 8.6
0.0030 -1.9 0.0032 7.2
0.0065 4.7 0.0060 -7.2

6061-7K Surface 58.4 6061-10K Surface 25.3
0.0013 -18.8 0.0008 20.5
0.0015 -19.6 0.0014 7.1
0.0033 -8.3 0.0031 7.7
0.0072 1.1.7 0.0068 -0.6

7075-LX surface 20.4 7075-4K Surface 38.0
0.0008 30.1 0.0009 -16.6
0.0015 19.7 0.0015 0.4

0.0030 -4.4 0.0035 5.6
0.0076 -1.5 0.0064 -1.9

7075-7K Surface 49.3 7075-IOK Surface 18.7
0.0009 -5.6 0.0008 -3.1
0.0015 -10.7 0.0015 5.0
0.0037 +1.1 0.0031 -4.0
0.0070 -2.6 0.0063 -3.0

The data in Table V= was plotted in graphical form to portray the
effect of subsurface depth on residual stresses. The results obtained
foz Al-7075-T651, AI-6061-T651, and Al-A356-T6 are presented in Figures
140 throuqh 142, respectively.
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10.3.3 General Observations on Residual Stress Measurements

Ideally, the residual stress at the surface of a component should be
slightly compressive so as to enhance its fatigue strength. Tensile
stresses on a surface are thought to lower stress corrosion resistance
and are, therefore, undesirable, especially if such stresses are high.
An examination of Figures 140 through 142 revealed that undesirable
condition occurred for every alloy and cutting speed combination.
Matout remaasured sample number 6061-7X (see Figure 141) to investigate
the possibility that location dependent variations in surface residual
stresses may have contributed to the observed lack of correlation
between the previously meaured residual stresses and milling speed.
Of five measurements made, three were consistent and two were incon-
sistent. MeHtut concluded that the consistency of the overall results
was an indication that the original results were accurate and were
representative of the residual stresses induced by the milling pro-
cedure.

No trend was established in the text results. For example, a cutting
speed of 7,000 feet/minute produced the best results for Al-A356-T6
and the worst results for Al-6061-T6 and Al-7075-T651. In contrast, a
cutting speed of eit•he 1,000 or 10,000 feet/minute yielded the best
surface layer conditions on Al-7075-T551 . From these and other com-
pr~uisens, it was concluded that the absence of any consistency in the
test results indicated that cutting speeds have little effect on
residual stress generation.
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11.0 COST AND PRODUCTION TIME ANALYSIS

11.1 ZIntroduction

When making any changes ih a process, it is important to make anu
analyusi of cdst and production time changes caused by the process
change. The objective of this section was to perform a preliminary
cost and production ratse comparison between conventional machining
and high speed machining. To assuro that this comparison was per-
fozmed in an unbiased mannert, I4etut Research Associates, Incorporated
was contracted to do the stedy.

11.2 Cost end Production Time Calculations

When dealing wi.th a machining operation, there are three main can-
K ~tributors to cost and production time.* These are the constant costs

and times , feed cost and times, and tool costs and times. The
oonetwnt ooate and tim are load-uload setup, cutter index and rapid
traverse. By constants, it is meant that these term are not cutting
rate controlled. The feeding aoate .d timne are those accrued while
chips ae being ade. For this term, the cost and time is decreased
by increasing the cutting rate. The toot time and coats are the
penalties for w rowing out a tool. The dmontime for replacement of a
dull tool and the tool purchase and resharpening costs are included
in this toem. The euations for produation tin. and oat are shown
in Table VIIZZ. 4

11.3 Aiplication

To cmpare high speed machining with conventional machining, opera-
"tions 50 and 60 on the Shell Guidance Set, part number 10162178-SOOZN
(see Figure 63), were selected for analysis. operation 50 is now a
conventioral turning operation that is performed on a &ullard, N/C,
vertical turret lathe. in this operation, the top and bottom surface
axe faced, the top flange is bored, and the outside diameter is turned.
Operation 60 is now a conventiona" milling, drilling and tapping op-
eration that is performed on a Sundstrand, 5-axes, N/C, OW-3 Omnimil.
The production times and costs for these existing operations were
comared to the production times end costs that would be realized by
rep Laing theas two opertionsa with oes high speed miZ~inq opea~'tion.

it should be noted, however, that a machine tool does not now exist
which could handle this part on a production basis at ultra high cut-
ting speeds. Although high speed spindles are available as an add-on
for existing machine tools, the installation of one of these spindles
renders the automatic tool changer inoperable. Zxtra shielding was
"required to contain the chips which came off the part at very high
"speeds. This extra shielding restricted the use of the exasting pallet
"system for quick wortk•.ece loading and unloading.
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TABLE VIII - COST AND PRODUCTION TIME EQUATIONS

"Constait times (tt) m R/r + tL +to/NL + tt Feeding time: (t2 ) L/f

*'. aTool time: (tg) - tITp Produotion time -t + t2 + t3

Constantcost (Cs) " tM FeedLng oost: (C) a ti M
Tool costs (C) t M + Cs/Tp Total cot- C, + C2 + C3

Wh.res

R - Total rapid traverse distance for one tool on one part (in.).
r a Rapid traverse rats (in. /mln.).
tL = Time to load and unload workpieoe (min.).

"t Time to set up machine tool for operation (iL..).
NL Number of workisoes n lo"t. ,,

tt - Time to index from one cutter type to another between opera-
tions (min.)1., -

L - Lengthoftravel ofo=tter at fod ras, (in.). .. ,.
fin " Food rate (in./min.). '-'-'

td- aMachine tool downtiae to replace a dull tool (mm.).
TV - Tool life (number of parts).

M Labor phis overhead ($/mln.).
Cs a Cost per sharp tool (3).

The value Cost calculated using the appropriate terms from the following equa-
tion, depending on the type of tools

C G tb Z C
Co + G t + +- C +Gt

= (K 1 +1) a X2  i- w p

Whe"re

a Purchase oost of tool or cutter ($/cutter).
K1 a Number of times cutter is resharpened before being discarded.
G a Labor and overhead in tool reconditioning department (V/mm.).

t * = Time to rebraze outter teeth or reset blades (min.).
KC a Number of times milling cutter ti resharpened before inserts

or blades are rebrazed or rset.
Z a Number of teeth in milling cutter.
Ca - Cost of each insert or inserted blade ($/blade).
K1 - Nmnber of times blades (or inserts) ae resbarpened (or in-

dozed) before blades (or inserts) us discarded.
Cw - Cost of grinding wheel for resharpening tool or cutter ($/cutter).
Sa Time to preset tools away from maohine (In tool room) (min.).t I Time to resbarpen a tool"*This fator Is zero if a tool does not require changing tor an entire lot.
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Using the equations in Table Vill, lists Of individual operation -times and costs were developed. A breakdown of data for the con-"ventional method of producing one pa-t in Operation 50 is presented

in Table •X. ror cparison, a breakdown of data for the hiqh speed
milling method of producing one part in Operation 50 is shown In

Table X.j
The analysis of the conventional production method for Operation 50
revealed that a standard setup time of 2.5 hours is prorated over a

typical lot size of 100 parts. Since the lathe cannot be rminqg
Wibce one part is being unloaded and another loaded, a load-unload
tim of ten minutes appears as a constant time. When replacing this
turning operation with the high speed milling Operain no exta setup
is required since me setup on the mill will suffice for both operations
50 and 60. The elimination of the turning setup is refloeted in ther zero constant -time term in Table X. Also, since the mill uses a pallet
systr., there is no machine tool downtime for load-unload. Since
rapid traverse is faster an the min•i machine than the production
lathe, that factor was not entered into this preliminary comparison.
Therefore, constant times and cests due to rapid traverse have been
eliminated fzom the turning comparison. When turning on the lathe,
the tools used for facing and boring are good for an enti"e lots
therefore, no dmmti.a for dull tool replacement was assumed. When
the turning operations are replaced by a high speed production ailliq
operation, an automatic tool changer would be, used and dull tools could
be replaced while a different cutter was being used.

The total average cycle time foe the turning operation was calculated
as 57.80 minutes. Doing this operation on the mill at high speeds
would take only 158.8 minutes, saving 67 percent in cycle time. Cost
savings would not be as high mince the milling cutter is much more
exensive than the inserts used for turning. Cost per part on the
lathe is $26.49 as coered to $17.04 on the .ill. This is a savings
of 36 percent.

The most detailed and time consuming part of the analysis was made
for Operation 60, the milling operation. A complete breakdown of
Opecation 60 data for conventional milling can be found in Table Xx.
These data were gathered fom 3,000 lines of AFT output in order to
calculate rapid traverse and cuting times. Since it was not possible
from the APT output to tell when the cutters wez actually maXing
contact with the workpiece, any feed rate over 50 inches/minute was
considered as a rapid traverse and, therefore, constant time or cost.
Anything under 50 inches/minute was considered as feed or cutting
time. Units for tool life values were number of parts per tool, so
it was not necessary to tell when the cutter was contacting the work.
tapid traverse and cut times ware calculated by dividing the cutter

travel distance by the feed rate. Costs were calculated by multiply-
inq these times by the overhead rate at Vouqht Corporation. Tool costs
per sharp edge end tool, life in number of parts were supplied by
Vought Corporation from their existing production data.
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The total average production time for the conventional machining of
Operation 60 was 102.55 minutes per part. Of this time, 24 percent
was attributable to prorated setup and rapid traverse movements. The
remaining 76 percent of the time was at cut feed rate. Time to re-
place dull tools was not considered since dull tools could be re-
placed in the tool holder while other tools were being used. The
total average production cost for the conventional machining of op-
oration 60 was $61.05 per part. Prorated setup and rapid traverse
time accounted for 18 percent of this cost. Feeding cost was 58 per-
cent of the total, with replacement of expendable tooling accounting
for the remaining 24 percent of the cost. areaking the total time
down by operation, 3 percent of the time goes to setup, 77 percent
for milling, 15 percent for drilling, and 5 percent for tapping. For
cost, this come to 2 percwnt for setup, 82 percent for milling, 12
percent for drilling and 4 percent for tappnin.

To the extent possible, operations 50 and 60 were performed on two
Guidance and Control (GAC) shellr with one high speed milling opera-
tion. These are shown in Figure 143. A stop watch was used to
measure the in-cut times of comparable milling and drilling operations.
Tapping operations were not considered in the comparison due to the
inability of the high speed spindle to reverse quickly, a require-
ment for tapping spindles. The total cut time for these operations
at high speed was 31 minutes. Therefore, by using high speed milling
and drilling operations (not changing tapping rate) with no change
in tool life, a reduction in average cycle time for Operation 60 from
102.55 minutes per part to 57.76 minutes per part could be realized.
This is a 44 percent savings in production time. The cost would de-
crease 33 percent from $61.05 per part to $40.84 per part.

11.4 Potential Realization

The high metal removal rates possible with high speed macnining can
cause drastic reductions in the feeding times and costs. Also, there
is no drastic reduction in tool life when going to these high speeds.
One thing that must be kept in mind though is that it takes tine for
the machine tool to accelerate and decelerate from these rapid feed-
ing rates. This limits the application of high speed machining when
many cutter direction changes are necessary. The iutter paths neces-
sary for machining the test parts, in many cases, did not allow tak-
ing full advantage of high speed machining technology. Although the
existing machine tool loses use of the automatic tool changer with
the high speed spindle installed, each separate operation was run at
high speeds. With a machine tool d6siqn for high speed machining,
rapid traverse, as well as contouring and direction change rates,
would increase. By doubling the rapid travvrse rates along with the
cutting rate increase, total reductions of 54 percent in production
time and 41 percent in costs could be realized.
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Although testing does not show any large effect on tool life by going
to high speed machining, the conservative approach should be used to
find what effect tool life could have on cost. If the tool life is
halved when going to high speed milling and drilling, assuming the
doubled rapid traverse rates, the production time would still decrease
by 54 percent, but the cost would be decreased by only 17 percent as
opposed to 41 percent when no reduction in tool life is assumed.

1i. 5 conclusion
Calculations show that given a machini tool capable of high speed

machining with all the requirevents of a production machine tool; e.g.,
automatic tool changer and pallets for quick part ]oad-unload, large
cost and production time savings can be realized for the G&C shell
part analyzed. A total of 59 percent savings in production time and
a 23-39 percent savings in cost can be achieved.
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12.0 CONCLUSZONS AND RECOMMENDATIONS

Moajor improvements in productivity and cost effectiveness were demon-
strated for high speed machining processes in this p6rog-am. High
speed machining is not exactly a new process. Aside fcam routing op-
erations, high speed machining has been proven many times in pro-
duction shope to be a worthwhile operation for special cases. For
ex Imple, spar mills hav" r:qutinely spun 8.0-inch diameter cutters at
3,000 revolutions/minute to pcoduce aliinim spars at a cutting speed
of 6,280 feet/minut•e. The reader could probably cite acne examples
of his own, but this exmple and the ones in the report can serve to
illustrate that the high speed machining processes are for real and

04can work.

2he factor which allow high speed machining to work so well on alum-
inum in that material's low melting point. The melting point of
aluminm varies between 9500? and 11600?, and it follows that the
cutting teperat•re will never exceed appr.Limately 120007 and, more
than likely, will usually be less. At those tmeraturms, cutter life
did not prove to be uch of a problem except for the vury abr•aive
alumin'us alloy, A3563. Thezefoe, it was generally concluded that#,
thormally speaking, there does not appear to be any limit to the cutting
speed at which al.miniu am be machined*.

Catting speeds were found to have an effect an cutter lifeo however,
and it was estimated that spinde speeds c the order of 40,000 revolutions/
minute would be required to produce a most-wcnomical cutting ape"d for
1.0-inch di.mter and mill. Smaller cutters would require an even
faster spindle speed to reach the most eco.omical cutting speed, esti-
mated to be on the order of 10,000 feet/minute. Consequently, it was
concluded that the existing spindle with its 20,000 revolutions/mLnut•e
muxmm speed was too slow to achieve maximu machining ecorAmies in
aluminum, with cutters less than about 1.5 inches In diameter.

Tool life increased with feed rates up to about 0.*008 inch/tooth on
Al-7075-T651, 0.010 inch/tooth on Al-6061-T651, and 0.014 inch/tooth
on Al-A356-T6. To achieve tbose feod rates with 2-flute end mills
rotating at 20,000 revolutions/minute, milling table speeds of 320,400
and 560 inches/minute, respectively, vould have to be provided. For
4-flute end mills, those table speeds would have to be doubled. Since
the fastest milling table speed known was 400 inches/minute, it was
concluded that it would do Little good to increase spindle speeds
further unless table speeds were increased, accordingly.

In the same vein, it was found that rotary tables on machining centers
were also generally too slow for a 20,000 revolutions/minute spindle.
To provide a feed rate of 0.010/tooth for a 2-fluts end mAll cutting at
20,000 revolutions/minute on a 22-inch diameter workpiece, a table speed
of 6 revolutions/minute would be required. Consequently, it in
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recamended that table speeds of that magnitude be provided on future
machining cutters.

While faster spindle speeds can be delayed until faster table speeds
are provided, more powerful spindles are needed now. Both the Ekstrom,
Carlson and Bryant spindles were found to be lacking in torque and
useful horsepower output. This limit the size of out that can be made
vith either and can be attributed to the physics of the process. That
is, for a given size cut, horsepowez requirements incruase as speed
increases. Using foumulae developed in this program, 20 horsepowe'"
was calculated to be the requiremmnt for producing a 1.0-axial depth,
0.25-inch radial depth, and milling cut at a speed oC ,.A00 fnQfet/
minute and a feed rate of 200 inches/minute. Thco' Paramzvirs 4nuld
peinit a metal removal rate of 50 cubic inches/minut, To machine at
that rate on a continuous duty cycle basis, the spindle could only be.
operated at approximately 50-percent capacity. Consequently, a 40
horsepower spindle would be needed far the task. The size of cut under
discussion is not large by production standards, therefore, it is
recmmended that one of the primary goals for spindle manufacturers be
the development of at least a 40 hrsepowe 20,000 revolutions/minute
spindle.

Two other design changes are needed for the high speed spindles. First,
"a more positive spindle stopi e.g., a forward thrust bearing or a hy-
draulic preloaded bearing, is needed to prevent a loaded spindle shaft
from trying to pullout of its housing by taking up excessive slacks ini the assembly. Under extreme conditions, such pullout can overatress a
forward bearing that is turning at an ultra high speed, causing overheating
and possible 4amage to the bearing or its shaft. Second, a low spindle
speed in needed on machining centers for tapping operations. Without
such a capability, much of the economic advantage of a high speed machin-
ing center might be lost. Since other low speed applications can be
visualized for machining centers, it is recemmnded that spindle manu-
facturers look into the possibilities of using electronic switching to
provide both a high and low speed range.

"Except for the abrasive alumnum ialloys like A356 which must be
"machined with carbide, either carbide or high speed stoel cutters can
be used to machine the remaining aluminum alloys at ultra high speeds.

* Generally, end mills of either material cannot be rotated fast enough
to reach a most •onomical cutting speed, so there is little danger of
cutting too fast with either material. The best end mill geometry ob-
served in this program for cutting aluminum with carbide consisted of
a 25-degree helix angle, S-dogree radial rake ngle and about 10-degree
pri=may clearance. Tor cutters over 1.0-inch diameter in particular,
cutter balance was found to be critical to tuAI life and surface finish.
Consequently, it will probably be necessary for users of the high speed
machining processes to have dynamic balancing equipsment available.
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Cutting fluids are not always required but are generally recommended
for the high speed machining of aluminum. The fluids are not needed
to cool workpilces and cutters, because thene do not get hot. The
fluids are beneficial, however•, in alleviating built-up-edges on cut-
ter flanks, particularly on high speed steel cutters. The built-up-
edges are fozamd from small chip particles which have been pressure-
welded to cutter flaxks: and these, in effect, replace the cutter ma-
terial that was ground away to provide cutter clearance. with no
clearance, such cutters rub workpieoes, increasing heat and horsepower

onsumption and decreasing cutter life. Centrifugal force will allevy-
ate flute packing, but cutting fluids are needed to minimize built-up-
flanks.

Righ speed steel drills are adequate for the high speed drilling of
aluatnma. Over five thousand holes were drilled through one-half inch
thick 7073-TG51 a~luminum with one (1) one-fourth-inch diameter drill
operated at 20,000 revolutions/minute and a feed af 100 inches/minute.

* At those rates# drilling operations were spectacular, reseinb2iag a
punching operation. Zf desired, those rates could probably be doubled
with higher spindle speed, drilling equipment that is now available.

While some equipment' changes which could make high speed milling a
better process were pointed out, nothing detrimental to high speed
milling was observed in this progrm. With the eqaipmnt at hand, a
very good metal rimoval rats of 33 cubic inches/minute was established
as a standard for SO-percent spindle loads. Additionally, metal re-
moval rates of 69 cubic inches/inute and fed rates of 504 inches/ . -

minute were sustained with a 1.0-inch diameter, 2-flute, biased-
carbide end mill in another instance. Za short, productivity was
significantly improved by the process. While high speed machining can
be more profitably used to make Ohoingm cuts, an economic analysis
showed that with the proper machine tool, a 23 to 39 percent cost
savings could be achieved by using high speed machining to help finish
machine as-cast Guidance and Control shells. Part stability may also
be improved by high speed milling, because cutting forces were ob-
served to vary between only 40 and 50 pounds at SO-percent machine
loads and 10 to 20 pounds at 25-percent machine loads. Additiona.1ly,
high speed machined'workpices remaine" col to minimize air themally
induced distortions, and cutting speed was not found to have any effect
on residual stress generation. Good dimensional tolerances and ftuishes
wee also maintained with high speed ailling. 1or eump•les, maxinumi
cutter deflection was about 0.003 inch at 50-percent spindle loads and
0.002 inch at 25-percent spindle loads. Additionally, the two guidance
and control sheila were high speed machined within tolerances, and
excellent surface finishes were obtained at all speeds. High speed -..-

machining was found to be a relatively safe process. While several
cutters were mashed, only two were broken and those, not unexpectedly.
In summationo these highlights from the program exemplify that high
speed machining in a sound, viable process..
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Machine tools can be beneficially retrofitted with high speed spindles
to perform the same operation or family of operations repeatedly.
However, the type of high speed machine tool needed by the missile and
other general type machine shops hak not been built as yet. Basically,
the type of machine tool envisioned would be a machining center with
rapid, automatic tool and part changers. It would have a protective
cover and a lightweight machining table with infinitely variable feed
rates to 800 inches/minute. Its corresponding rotary table would have
a minimum speed of 5 revolutions/minute. The spindle on that machine
would have both a low and a high range; or two spindles would be pro-
vided, as on the O-3 Omnimil. The high speed range would vary in-
finitely between 10,000 and 25,000 revolutions/minuote, and the low
speed range would vary infinitely between 0 and 1,000 revolutions/
minute and be reversible. Minimum power outputs would be 40 horsepower
at 20,000 revolutions/minute at the high speed spindle and 1.5 horse-
power at 1,000 revolutions/minute at the low speed spindle. The sys-
tem would be well protectad and instr.mented and computer (DNC) con-
trolled. Such a machine would provide the versatility needed for Job-
shop type operations and move a good process beyond its threshold.

Im
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